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ABSTRACT

Opioids are welknown pain relievers and one of several therapeutic options for pain
management. Although opioids are very effective analgesics, continued use and abuse can
lead to physical deendence and withdrawal symptoms. Their side effects, such as
constipation, respiratory depression, and the development of tolerance, addiction liability
and abuse, highlight the need for safer opioid prescribing practices. The development of
new chemicaprobes will assisin further understandingpioid-receptor interactions and

will serve to advance this field of research. As a part of a collabor@tivario Tech
University-Purdue Pharma program, the synthesis of opioid derivatives for use as chemical
probes was undertaken to better understand the straattivey relationships of opioid

receptors.

The initial efforts were focused on the preparation ofeasentialbuilding block %
bromocodeine. The bromination of codeine affords an attractive pratfor further
functionalization and the synthesis of other opioid derivatives. Here we describe the
development of a new methodology for the lasgale bromination of codeine under mild
conditions, which was applied for the preparation of a broad rdngmleine derivatives.

The developed protocol is safer and has a higher yield than the commonly employed

procedure for the bromination of codeine, which involves toxic HBr gas.

In addition, our efforts toward the synthesis of natural product Bismorphieyealed
that bismorphine and pseudomorphine have the same structure. Consequently, we

successfully prepared a series of novel opioid derivativegh appear to have a high



affinity for MOR (Mu Opioid Receptor)The synthesis and biological activitiesao$eries

of opioid derivatives are reported.
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I.1 A Brief History of Opium and Opioids

Opium is the term for the dried latex generated by the opium pdtapaver somniferurd
NowadaysPapaver somniferuris the only species used to produce opitir®pium originated

from Sumeria then spread out to the other regions of theoldWidBd. adual | y, the pop
for the treatment of pain dispersed to every major civilization in anEi@ope and Asi!

Mainly, there are three primary alkaloids in opium: morphine, thebaine, and codeine, which is
methylated morphine (Figure 1.1).In 1803, Sir William Seturner isolated morphine and named

it after Morpheus, the Greek god of dredfhShortly after, Pierre Robiquet isolated codeine in
1832. Subsequently, Thiboumery and Pelletier isolated thebaine in*L&88ations of these
opiates paved the way for chemists who would modify and develop novel compounds. Throughout
the 19" centuy, analgesic usage transitioned from opium to opioids with steadily more potent
effects!®!

The structure of morphine consists of five rings with minimal conformational flexibility (Figure
1.1). Morphine has a rigid pentacyclic structure. Benzene rindné&)a hydroxyl group. Partially
unsaturated cyclohexane ring (C) bears an allylic alcohol. A piperidine ring (D) bears a basic

tertiary amine and an ether linkage between C4 and C5, which forms a tetrahydrofuran ring (E).

morphine codeine thebaine

Figure 1.1 The main alkaloids found in opium



Alder Wright synthesized the first opiate, diacetylmorphine, known as heroin, in 1874 (Figure
1.2).7 It was hypothesized that by acetylating morphine, he would develop a less potent and
addictive substancersilar to codeiné’l Heroin production commenced by Bayer pharmaceutical

in 1898["1 Bayer named the medication "heroin" grounded on the German heroisch, meaning
"heroic"I”l From 1898 to 1920, heroin was mistakenly promoted as @addiative replacement

for morphiné?l Eventually, evidence of heroin's addiction and risk caused the recall of the drug

in 1920("]

heroin

Figure 1.2 Structure of heroin

For two centuries after its discovery morphine was commonly used for the drgatimsevere

pain, despite tremendous efforts by chemists to synthesize analgesics with fewer side effects.
Despite the addicting characteristics, there seemed to be no significantly better alternative to
opioids and its use prevailédl. Beyond that, méi ci n al c he mi s-addidive sear ct
analgesics yielded numerous morphine analogues and structurally distinct opioids, including
oxycodone, hydrocodone, hydromorphone, and fentanyl (Figure 1.3). These opioids tend to be mu
opioid receptor (MOR) agosiis and remain the most prescribed analgesics, even though

significant abuse potential continues to be a concern.



hydrocodone oxycodone hydromorphone fentanyl

Figure 1.3 Semtsynthetic and synthetic opioids

I.2 The Opioid Epidemic

From 1997 to 2002, the prescrintirate of fentanyl, morphine, and hydromorphone amplified by
227%, 73%, and 96%, respectively. In addition, their abuse increased by 642%, 113%, and 342%,
respectively’ Opioid overdose deaths rose from 8,048 in 1999 to 47,600 in®PO1A 2016

surwey estimated that approximately fifty million Americans are suffering from chronicpdm.

the treatment of pain, the World Health Organization (WHO) designed an analgesic Tauigler.

ladder consisted dfiISAID's (Nonsteroidal aninflammatory drugsjhat should be used to treat

mild to moderate and acute pain. In contrast, moderate, severe and chronic pain should to be treated
with opioids*?! Opioids continue to be one of the medications of choice for chronic and severe
pain, despite the negativils effectssuch as tolerance, dependence, respiratory depression, and

constipation. As a result, the development of novelamdictive analgesics is essential.

1.3 Opioids and Pain

Pain impacts millions of people around the world. The Internationalckedgmn for the Study of

Pain (IASP) describes pain as "the unpleasant sensory and mental experience related to actual or
potential tissues injury, or described in regards to that daridg&te sensation of pain can be

either acute or chronic; acute pdunctions as a defensive feature. However, long term (chronic)



pain is detrimental and may considerably diminish the quality of daily life. Opioid receptors are
targeted for the treatment of acute and chronic pain, which makes opioid receptors prigetsy ta

for fundamental research investigation.

[.3.1 Pain Mechanism

Pain and other noxious stimuli activate nociceptors that transmit electrical signals from the
periphery toward the cortex of the brain, wherepain is processedThese nociceptive sigis

are regulated by the medullary and midbrain areas, responsible for enhancing these signals and
initiating descending pathways to stop the p&ffPain signals are transmitted from the periphery

to the ipsilateral spinal cord and into the distinctiteaminside the dorsal horn, that subsequently
transmits this information via fiber tracts like the spinothalamic.tf2@he spinothalamic tract,

in specific, transmits signals indicating the strength and location of soreness in the body. Upon
perceivirg pain, the brain reacts by sending electrical signals back through the spinal cord via the
descending routes. These routes include the lateral corticospinal vengzh uses the
periagueductal gray (PAG), locus coeruleus, and the dorsal raphe magngage dascending
routes. These routes then work by sending signals through the dorsal lateral funiculus on the spinal

cord*

I.4 Tolerance, Dependence, and Addiction to Opioids

Tolerance to opioids refers to the decreased response to opioid agonisiteediter (hours,

days or weeks) exposure to opioid agonists. Tolerance is a decreased sensitivity to a submaximal
dose of opioid agonists, and in some cases as a decrease in the maximal response t8 dioids.

a resulthigher doses of agonists arecessary to obtain the desired effect of the medication. Long



term usage of opioids results in tolerance to opioids and the development of dependence.
Dependence is the response to a combination of cellular and circuit level adaptations by constant
activation of the opioid receptors along with cirel@tel adaptations that come from the euphoric,
anxiolytic, and antdepressive effects of the opioid%!” An important property of opioid
tolerance is the fact that various effects of opioid drugs dptelerance over diverse time frames.

The variance development of tolerance between the desired effects of opioids and their negative
side effects can lead to overdose during constant@idéevertheless, the termination of opioid

use leads to withdrawalvhich causes a multitude of negative effects, for instance: sweating,
diarrhea, shaking, hyperalgesia, and dyspHtti@his causes a dilemma for consumers of opioids
where the cessation of usage is going to result in considerable physiological eimolqizgal
distress, but continuing use could lead to an overdose. This complicated relationship between the
desired and undesirable effects of opioids, in addition to the alterations in brain circuitry that these
effects cause, results in the cycles @& abserved in many addiét& However, all of these broad

behavioural effects start with the activation of the opioid receptors, especially thé’f#OR.

1.5 Opioid Receptors

Opioid receptors are categori ze ®OR)NMORisbner ee g
of the most widely used targets for the treatment of pain. The contribution of opioid receptors in
mediating opioid effects was proposedBsckett and Casy in 1954 This was followed by the
classification of multiple opioid receptoby Martin and colleagues in 197! The existence of

the muopioid receptor (MOR) and kappa opioid receptor (KOR) was demonstrated by Martin and
colleagues in 19762 Identification of the delta opioid receptor (DOR) was reported in #8l77.

The recefors have been named after the opioid ligands used in the piwdogiaal study by



Mar tin and coll eagues; € (morphine) N o ( ke

allylnorcyclazocine) (Figure 1.452
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ketocyclazocine N-allylnorcyclazocine (SKF 10,047)
Figure 1.4 Structure of ketocylazocine and SKF 10,047

Eventually, molecular biologgdvancements contributed to the cloning of the gene sequences for

MOR, DOR, and KOR ittheearly 199044 The most widely studied of the opioid receptors is

MOR, which is the primary binding site of morphine and the endorphins. DOR is known to bind

the endogenous enkephalfil KOR binds endogenous peptides identified as dynorpfiins.

Opioid side effects, including constipation, respiratory depression and euphoria leading to drug
abuse, probably originate from analgesic properties of ligands integactiwi t h  t B& & r e (
Other side effects, including reduced constipation, respiratory depression, and dysphoria, also
initiate the anal gesi c [P8Acfivatiort 0§ KOR fs assdtiated svithr e c e p

hallucinations and dysphorf&!

1.5.1 Opioid Receptor Ligands

The discovery of endogenous ligands for opioid receptors was discovered in the 1970s, which
significantly impacted opioid research. First, the discovery of the DOR was batbeddiscovery

of the enkephalins (Meatnkeplalin and Levenkephalin*!L at eern,d obr phi n and dyno



were discovere8! New endogenous ligands for MOR ended up being subsequently discovered
in the 1990s by Zadina and colleagues, who separated and then synthesized these endogenous

agonists, endomorphih and-2.1%2

Agonists and antagonists are also important pharmacological tools that have been extensively used
to characterize the opioid receptddaer the 19th and 20th centuries, the library of known opioid
ligands improved drastically. Through a rising numbedehtified opioid ligands, it had become
noticeable that modifications in chemical structure and stereochemistry could very well modulate
the pharmacological responses to these ligands. The presence of a sattotityerelationship

(SAR) among the morpian ligands indicated a particular binding site upon which these ligands
have to ack® 3°% 23lFor instance, bond saturation between C7 and C8 provides hydrocodone with
the identical potency as oral morphine, but hydroxylation of the C9 hydrogenpdmne
supersedes the potency of morpHifeAdditionally, the saturation of C7 and C8 along with the
ketone at C6 provides hydromorphone, which has higher strength than mé¥prireynthetic

analog, fentanyl, was formulated for cancer pain and wasdfto be 300 times more potent than
morphine. Opioid agonists are not always applied to clinical practices; DAMGO is currently used
in scientific research as standard radioligand utilizednfertro binding research studies (Figure

1.5). DAMGO is a syrtietic opioid ligand primarily designed to bind to DOP but was discovered

to be a selective MOP agonist and was used as a probe to elucidate the functions of the opioid

receptors before they had been cloi&d.



HO

DAMGO

Figure 1.5 Structure of DAMGO

1.5.2 Opioid Receptor Structure, and Functions

Opioid receptors are located throughout the central nervous system (CNS) along with the
peripheral nervous system (PNS), and once activated, receptors are able to inhibit spinal cord pain
transmissiowvia the inhibition of neurons8® MOR and KOR arenore diversely spread within the

body compared to DOR"!

Opioid receptors belong to the rhodopsin (class A)-@ir@ein coupled receptors (GPCRs), and
the opioid receptors are coupled@eproteins8 All GPCRs couple with heterotrimeric guanine
nucleotide binding proteins (r ot ei ns) that are composed of

subunit.

a



Ligand
NH,

ATP
cAMP
GDP

GTP
Figure 1.6 Mu-Opioid receptor activation and signaling &ectors

Upon ligand binding to a GPCR, conformations of the receptor are stabilized, and a signal is
transmitted from extracellular space to the intracellular space. Second messengers are stimulated
to initiate downstream signaling. When an agonist hiadsonformational alteration within the
transmembrane helices occurs, which subsequently favours the exchange of guanosine
diphosphate (GDP) for guanosine triphosphate (GTP). This exchange enables the dissociation of
the G protein from the receptorinadtd i on t o the dissociation of
These subunits go on to impact downstream signaling partners (Figure 1.6). Consequent cellular
signaling events (1) inhibit the conversion of adenosine triphosphate (ATP) to cyclic adenosine
monophosphate (CAMP) via adenylyl cyclase (2pdtivated voltaggated C& channels and (3)

open K channels via G protein inwardly rectifying potassium channels (GIRKs). The effect on
nerve cell function when an agonist binds to an opioid receptorstarishe decrease in neuron

excitability and subsequent decrease in cell firing culminating in the inhibition of neurotransmitter

10



releasd®?. Eventually, the signal is terminated. The receptor is reset for subsequent signaling by
hydrolysis of GTP to GB, enablingtheeas soci ati on of the U and bo

and the receptdt?

1.5.3 Opioid Receptor Structures
The opioid receptors are characterized by seven transmembrane helices/{Tdédnhected by
three intracellular loops (IL-:B) and three extrzllular loops (EL13) as well as an extracellular

N-terminus and intracellula-terminus (Figure 1.7

Figure 1.7 Opioid receptor structure, the mu-opioid receptor is bound to codeine

The crystal structure of the MOR bound to a morphinan antagoriNB\) in the inactive state
was published by Manglik and coworkers in 26#2Their study revealed molecular insights into
ligand selectivity. A few years later, in 2015, the crystal structure of MOR in the active state was

obtained by the same gralifl The crystal structure revealed nine amino acid residues within the

11



binding pocket directly interact with ligan#é. These nine amino acids were reported to be present
in the binding pocket of all three opioid receptors: K233, D147, W293, Y326, NA%4, H297,

Y148, and V300*!

An aspatrtic acid residue (D147) engages in chahgege interactions with the amine moiety of

the ligand in active and inactive MOR bound to ligafitlsA histidine residue (H297) interacts

with the aromatic ring of thenorphinan group in an active and inactive st&teElectron density
suggests that two water molecules are ipeBitioned to form a hydrogdsonding network
between (H297) and the phenolic hydroxyl of the morphinan group in both&t4teExtensive
hydrophobic interaction with ligands observed with valine residue (V300) and isoleucine residue

(1296) 142

|.6 Opioids

Morphine represents the very first isolated alkaloid and established the field of alkaloid chemistry.
The structure of morphine wasoposed by Gulland and Robinson in 1925, but the structure of
morphine continued to be elusive until suitable technological developments eventually made it

possible for the verification via total synthesis by Marshall D. Gates in4%52.

Mo r p h i nhglaesl denvative codeine was one of the five drugs associated with the highest
numbers of drugnisuse deaths reported by The Drug Abuse Warning Network (DAWN) from
1983 to 198%*! Codeine is a narcotic pameliever and cough suppressant similar to phore

and hydrocodone. CYP2D6 bioactivates codeine into morphine (Scheme 1.1). The gene encoding

CYP2D6 has many genetic variations that affect the amount of codeine converted to morphine.

12



Clinically significant toxic effects related to codeine have beéserved in ultraapid

metabolizers!*®

The metabolism of codeine consist$sflemethylation to morphine. From a quantitative point of
view, approximately 5% of codeir@-demethylated recovered in uriil. Codeine metabolism

by O-demethylation givesise to morphine that is pharmacologically considerably more potent
compared to codeine. Extensivevitro andin vivo evidence suggests that bioactivation of the

codeine in the human liver is mediated by cytochrome P450 2D6 (CYP21H6).

HO

. HO\\‘ .
codeine morphine

Scheme |.1 Metabolic pathway of codeine

Variable expression of CYP2D6 has been extensively studied. It was originally detected when
individuals encountered severe toxicity as a consequence of deficient metabolism of debrisoquine
(an ant-hypertensive drug) and sparteine (an-anthythmic drug). People who have a reduced
capability to metabolize CYP2D6 substrates are described as poor metabolizers (PMs), while the
rest of the population are labelled as extensive metabolizers (EMdyasrapid metabolizers

(UM). Thus far, more than forty various medications are recognized to be oxidized by CYP2D6,
such as metoprolol (high blood pressure), fluoxetine (antidepressant), and risperidone

(antipsychotic) (Figure 1.8).
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Figure 1.8 Medications metabolized by CYP2D6

1.6.1 Known Opioid Dimers

It has been realized that both natural and synthetically made opioid dimers interact selectively with
their biological targets; nonetheless, opioid dimers are still caagiyerare (Figure 1.9
Currently, published examples of opioid dimers are limited to Binaltorphimine/ nor
Binaltorphimine (BNI/nofBNI), Naloxonazine and Naltrexonespired derivatives of these

dimers. BNI, with its rigidified scaffold, hasbeeroshn t o be a sel eclfi ve

14
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R=Me, BNI naloxonazine naltrexone-derived dimer
R=H, nor-BNI

Figure 1.9 Known opioid dimers

Due to the selective activity against the receptor, BNI has been used extensively to explore the
nature of liganed r e c e pt o M Qnrihe etheahartd,i Naloxenazine displays bioactivity

as an inhibitor of the pl subdivision receptor, and a NaltreXikaederivative reveals high p

receptor affinity and selectivity*! Overall, opioid Naloxonazine and Naltrexone dimers with a

more conmlerable degree of conformational freedom inhibit the p receptor family. Their more

rigid counterparts BNlandn® NI , i nteract selectively with a

results, the field of opioid dimers is not fully understood.

New dimeric morphine species bismorphine A and bismorphine B have been extracted from opium
and characterized by Morimoto andlleagues in 2003 (Figure 1.16% To our knowledge, the

synthesis and biological activity of bismorphines A and B have not been reported.

15



bismorphine A bismorphine B
Figure 1.10 Naturally occurring morphine dimers

1.6.2 Codeine Halogenation
Based on our proposed retrosynthesis of bismorphine A, the preparation of bismorphine A
commenced with an attempt to halogenate codeine (Scheme 1.2). However, the commonly

accepted bromination of codeine, which was developed in 1925, involves HBr gas¢3&)Eh

16



Demethylation Cross-Coupling
Me

Me 4 Me 3
codeine dimer
(biscodeine A)

Halogenation

codeine

Scheme 1.2 Proposed retrosynthesis of bismorphine A

Previously, Speyer and Rosenfeld reported that codeine could be brominated with HBr (hydrogen
bromide) gas at elevated temperature in the presence of hpgpegexide. iBromocodeine was

not fully characterized by Speyer and Rosenfeld. The characterizatichrofmbcodeine was
performed by recording a melting point and IR spectrum. Currently, this is the only reliable
protocol for the bromination of codeine The di sadvantages of Speyer

include handling HBr gas at elevated temperatures as well as low yield.

17
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H N
H o\ 53%
HO"

Scheme 1.3 Bromination of codeine by Speyer and Rosenfeld

Hydrogen bromide gas is highlposive. It can cause extreme irritation and injury to the upper
respiratory tract and lungs. Furthermore, exposure to high concentrations may cause death. A
solution to this problem is to develop a safe and practical methodology for the synthesis of 1
bromocodeine with a broad scope. The importance of the halogenation reaction is not limited to
opioid chemistry. Various drugs and drug candidates have a halogenated structure; for example,
around 25% of the Atop 200 ROHMDd mame &law @g em)
[54b] Bretylium is an antiarrhythmic medication, Bromhexine is used in the treatment of respiratory
disorders, and Bromazepam is used to treat anxiety, to name a few (Figul®ISPh$ Thus,

the halogenation of drugsd drug candidates is an essential aspect of medicinal chemistry.

Br H O
Br FZN
~ Br
91 P
S~ I
bretylium bromhexine bromazepam

Figure 1.11 Examples of bromide containing medications
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Also, halogenation, such as bromination, would offer the platform for a series-etlgittive
functionalization reactions such as Suzuki, Sonogashira, Heck, Stille, and K&th&galt"!
Furthermore, tritiurdabelled radioligands are essential tools to study opioid receptor
pharmacology¥! In the synthesis of tritiuAebelled radioligands, alogenated codeine and

codeine derivatives are essential intermedi&tes.

|.7 The Goal of the Project

Over the past two decades, both the public and private sectors have invested a significant amount
of funding to discover new pain treatments that exglee opioid receptors. Considering the
tremendous amount of work that has been done over the past few decades on opioid receptors,
there is very limited knowledge available to design opioid agonists and antagonists with reduced
side effects. Even thoughorphine was isolated from the opium poppy in the 1800s, but to this
day, the exact molecular interactions that occur between the opioid receptors and their ligands

remains a major gap in opioid research.

The project aims to achieve a better understandihg opi oi d receptorsd stru
of opioid derivatives and evaluation of their potential as novel opioid chemical probes. We have
launched a collaborative Ontario Tech Univer$tiyrdue Pharma research program to synthesize

and evaluate bbt natural and unnatural opioid chemical proldesvitro. The most active

representatives will further be applied to explore the ligapidid receptor binding mode.

To our knowledge, the synthesis and biological activity of bismorphines A and B havesnot be
reported. Due to the importance of biologically active opioid dimers and the lack of significant
advancement in this field, it has been decided to pursue the synthesis of natural opioid dimer

bismorphine A.
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Furthermore, clinically significant toxic effes related to codeine have been observed in-ultra
rapid metabolizers, which has stimulated us to initiate the research toward the synthesis of novel
codeine analogues to better understand the codeine metabolism pathway. Synthesis of novel
codeine analoge especially dimers that will not undergo enzymatic demethylation while

maintaining modest codeine level activity.

This research will provide complementary information to aid in the design of therapeutics targeting

the opioid receptors. Understanding ogiceceptofligand interaction is essential for designing
novel therapeutics for certain diseas®%, such
Moreover, amall molecules, which has been properly characterized to make it possible to research
particular protein targets in complex biological systems are chemical ptbbesprovement of

new chemical probes will contribute to a better understanding of opioid receptor interactions. It

will fill some of the gaps in this field. This may lead teftfirst receptor/ nogovalent inhibitor

X-ray structure.
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Chapter ||

Practical Bromination of Codeine andits
Derivatives with N-bromacetamideand

Trifluoroacetic anhydride
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[I.1 Development of Codeine Bromination Methodology

Our initial synthetic efforts to synthesis bismorphine A revealed the need to develop a safe and
practical methodology for the preparation ébrbmocodeine on a gram scale with a braawmpe

and high yield. This chapter describes a simple, safe and practical bromination of codeine and

codeine derivatives.

Screening of a variety of brominating reagents was performed first. An attempt to ysg HBr
instead of HBg) afforded trace amountsf 1-bromocodeine (Table 11.13! Various brominating
reagents such &sbromosuccinimide (NBS), NBA and bromine {Bwere attempted (Table 11.1).

1B However, the desired product was not observed under the reaction conditions (Table 11.1).
At this point, it has been realized that a novel protocol would have to be established. We turned
our attention taN-bromoacetamide. NBA, a crystalline shsléble solid, has been reported as an

efficient brominating reagent in the presence of TFA (triflucetia acid) by Ricée’l

Table 11.1 Bromination of codeine using a variety of brominating reagents
and conditions

Entry Reagent Solvent/Additive Time /Temp. C)
1 NBS CHCly/  --- 6h/rt
2 Brz MeOH/ --- 1h/rt
3 Br 30% HCOOH 2h/rt
4 HBr (aq)  30%HCOOH,30% HO; 24h/rt80
5 HBr (aq) H20, 30% HO- 8h/rt
6 NBA MeOH / TFA 3h/5

Although no reaction occurred with NBA in the presence of TFA, we were pleased to observe that

NBA yielded some of -bromocodeine (3:7 ratio ofFllromocodeine to codeiney lusing TFAA
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(trifluoroacetic anhydride) (Table 1.2, entry 4). Solvent optimization revealed that THF was the

best solvent because3:7 ratio of tbromocodeine to codeine was observed (Table 1.2, entry 4).

Table 11.2 Optimization of solvent for the preparation of 1-bromocodeine

Entry Solvent 1-bromocodeine : Codeine
1 MeOH 0:10
2 Dioxane 0:10
3 Chloroform 0:10
4 THF 3:7

Unfortunately, due to the similar polarity between codeine abcbtocodeine, isolation of the
product could not be achieved ugicolumn chromatography. Codeine anbdrémocodeine have

very similar Rf. As a result, additional optimization was needed to ensure complete conversion.

Table 11.3 Optimization of NBA (eq.) for the preparation of 1-bromocodeiné

Entry NBA (eq.) 1-bromocodeine : Codeine
1 1.05 7:3
2 1.08 8:2
3 1.10 7:3
4 1.12 6:4
5 1.50 3:7
6 2.00 0:0

* The reaction was conducted in THF

Results in Table 1.3 show that NBA loading plays a critical rolee difference in NBA loading
between entries 4 and 5kgyger than that between previous entrieshould be notechowever,

that additional experimestwere conducted anonly selectedentrieswereshown inTable 11.3.
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The bromination reactionbdés conversi om2).Aati o
this point, the impact of TFAA loading and temperature was investigated to further optimize the
reaction conditions. In the absence of TFAA, no reaction takes place (Table 1.4, entry 1). Overall,
increasing the amount of TFAA from 0.4 to 1.Quemlent, afforded the desired product in 41%

(Table 1.4, entry 7).

Table 11.4 Optimization of TFAA loading for the preparation of 1-bromocodeiné

Entry TFAA (eq.) 1-bromocodeine : Codeine Yield %

1 0.0 0:10 0

2 0.3 8:2 N/A
3 0.4 7:3 N/A
4 0.6 8:2 N/A
5 0.7 9:1 N/A
6 0.8 10:0 40
7 1.0 10:0 41
8 1.2 10:0 33

"The reaction was conducted in THF and using 1.08 eq. of NBA

The effect of the temperature was then investigated to further optimize the reaction conditions
(Table 11.5). Lowering the temperature to°C and allowing it to increase to 2& afforded 1

bromocodeine in 48% (Table 1.5, entry 3).
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Table I1.5 Optimization of temperature for the preparation of 1-bromocodeine

Entry Temp. (°C) 1-bromocodeine : Codeine Yield %
1 Oto5 10:0 41
2 0to 10 8:2 N/A
3 Oto 15 10:0 48
4 10to 15 8:2 N/A
5 20 8:2 N/A
6 40 6:4 N/A

The next step was to optimize the reaction time. It has been established that leaving the reaction
for 24 hours improved the conversion ratio from ihitial 3:7 to 9:1 (dbromocodeine to codeine)

(Table 11.6, entry 4).

Table 11.6 Optimization of time for the preparation of 1-bromocodeiné

Entry Time 1-bromocodeine : Codeine
1 3h 37
2 4h 8:2
3 5h 8:2
4 24h 9:1

“The reaction was conductad THF and using 1.08 eq. of NBA

Since the mode of the NBA's addition played a significant role in the bromination reaction, we
examined the slow addition of NBK-bromoacetamide loading has also proven to significantly
alter the conversion ratio and pradwield. Gratifyingly, after a few attempts on portionwise

addition of NBA to the reaction (Table I1.7, entry 2&3), an optimal result was obtained when NBA
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(1.08 eq.) was added in three portions over the period of one hour ffGno®G°C (Table 1.7,

entry 5).

Table 11.7 Optimization of NBA addition for the preparation of 1-bromocodeine

Entry NBA Addition 1-bromocodeine : Codeine
1 1 portion 9:1
2 2 portions 9:1
3 3 portions 7:3
4 Dropwise 5:5
5 3 portions* 10:0

* First portion was added (0.8 @@t 0°C; second and third portions (0.14 eq. each) were added %t arkl 5°C

respectively in 30 min intervals

Other bromination reagents (NBS and)Bvere tested using optimized conditions in the
presence of TFAA. These reactions did piaiceed tawompletion, andhe conversion ratio was

7:3 (2-bromocodeine to codeine).

Using optimized conditions -iromocodeineOIT -3) was prepared in 81% yield on a 100 mg

and 2gram scale (Scheme II.1). This procedure is the first novel procedueclSiab.
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NBA (1.08 eq.)
TFAA (1.0 eq.)

THF, 0 >15°C, 24h
\ 81%

2

H

UOIT-3

Scheme 11.1 Optimized reaction condition for bromination of codeine

To confirm the structure of -romocodeine, the vapor diffusion technique was used for
crystallization A variety of solverd and cesolvens with different concentrations were tested.
We were pleased to collectitomocodeine single crystal using methanol as a solvent and distilled

water as a cgolvent (figurell.1).

Figure 11.1 Crystal structure of 1-bromocodeine
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[I.2 Expansion of the Reaction Scope
The substrate scope of the developed methodology was evaluated with six codeine derivatives
(Figure 11.2). 60-tert-butyldiphenylsilylcodeine and-®-tert-butyldimethylsilyl codeine were

synthesized using a procedure reported by Davies alehgaks (Scheme 1123,

TBDMSCI or TBDPSCI (1.2 eq.)
imidazole (1.2 eq.)

THF, rt, 24h

R= TBDMS, TBDPS

UOIT-1

85% 67%
Scheme 11.2 Preparation of UOIT -1 and UOIT-2

A procedure developed fdi-demethylation of morphine by Matsko andworkers was used to
synthesizeN-cyane6-O-acetylcodeind® The acetylatio of codeine produced-#&cetylcodeine,

which was treated with cyanogen bromide to affdrdyana6-O-acetylcodeine (Scheme 11.3).
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T

BrCN O
| H N
N 2h, reflux \ H \\
\  83% o' \N
(@]
UOIT-8

Scheme 11.3 Preparation of UOIT-8

Codeinone has been conveniently prepared by the oxidatiocodeine promoted by 1.4
equivalents of De$d/artin periodinane at room temperature (Scheme 11.4). The preparation of 6

phthalimidecodine was accomplished by the Mitsunobu reaction, as shown in Schelfhe 11.5.

T
(1.4 eq.)

Dess-Martin reagent

(o)
H N
DCM, t, 1h ‘ TN
94% (e}
Codeinone

Schemell.4 Preparation of Codeinone

0
Phthalimide (2.0 eq.)
DIAD (2.0 eq.) o
PPh; (2.0 eq.) o H N
THF, rt, 24h Ho\
45% N
o)
UOIT-19

Scheme I1.5 Preparation of UOIT-19
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Codeine derivatives bearing silyl ether groups reacted favourably to yield the desired products
UOIT -4 andUOIT -5in 80% and 61% vyield, respectively. Whgrtcyana6-O-acetylcodeine was
submitted to the reaction conditiondQIT -9 was observedn 94% yield. Codeinone and 6
phthalimidecodine furnished the corresponding bromo derivat@HBr -13 and UOIT -14 in
good vyields. It should be noted thdOIT-14 was avaluable synthetic intermediate for the
preparation of MP1104, which was found to be a dual kalgita opioid receptor agonist in a
recent study] The scope of this reaction was further expanded virerethylcyclopropend-
O-tert-butyldiphenylsilylcodee was successfully converted to the corresponding praiDict -

24in 89 % yield.

UOIT-4: 80% yield

/O l Br

0]
H ‘ : N\
o) (0]
UOIT-13: 60% yield UOIT-14: 68% yield UOIT-24: 89% yield

Figure 1.2 Substrate scope of bromination of codeine derivatives
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[1.3 Proposed Mechanism

A plausible electrophilic aromatic substituticeaction mechanism is as follows (Scheme I1.7).
The electrorrich aromatic ring reacts with NBA, which leads to a nucleophilic attack on TFAA,
and a final deprotonation step restores aromaticityr-oinocodeine is only observed when the

reaction is perforred in the dark, which supports a A@dical mechanism.

Scheme I1.7 Plausible Reaction Mechanism
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II.4 Experimental Procedure

All bromination reactions were performed in the dark and under the atmosphere of nitrogen.
Reation flasks were dried in the oven and cooled under nitrogen. Reagents and materials were
obtained from commercial sources without further purification unless otherwise stated. Reaction
progress was monitoredy TLC on glasssacked silica gel (60 i, 2
indicator) with visualization under 254 nm ultraviolet light and staining by potassium
permanganate (KMnf) . NMR data were collected at 25
spectrometer in deuted solvents (CD&land MeOD were obtained from Cambridge Isotope
Laboratories, Inc., Andover, MA, USAJH and*3C[*H] were collected at 400 and 100 MHz,
respectively, with chemical shifts expressed as ppm. NMR spectra were obtained using a Bruker
Ascend400 spectrometer, in CDEWith tetramethylsilane (TMS) as the internal standard. The
chemical shifts were reported in parts per mi
(TMS) as an internal standard. The coupling consthaits quoted in Hertz (Hz). NMR data were
processed using Bruker TopSpin 4.0.5.-IRT spectra were recorded on a Bruker ALRRA
spectrometer using a platinum ATR with a diamond ATR crystal. Spectra are reported in terms of
frequency of absorption (cih) and only partial data is provided. IR speetere processed with

OPUS Spectroscopy software (Version 7.5, Bruker Optik, GmbH). -Aaied flash
chromatography was conducted using a Biotage Isolera flash chromatography system using silica
gel (60 A, low acidity, obtained from SiliCycle, Quebec C®C, Canada) and reagent grade

solvents. Structures were drawn with ChemDraw Professional 17.1.

37



I1.4.1 General Procedure for Bromination of Codeine and Codeine Derivatives Reaction

The reaction flask was wrapped with aluminum foil. To a solution of ced@&r81 mmol) in
anhydrous THF (12 ml) was added TFAA (6.681 mmol). The reaction mixture was cool&d to 0
and stirred for 5 miates The first portion of NBA (5.344 mmol) was added. The reaction was
allowed to warm up to 2.%C over 30 minutes and théme second portion of NBA (0.935 mmol)

was added to the mixture. The reaction was allowed to warm upCt@®er 30 minutes and then

the third portion of NBA (0.935 mmol) was added. Subsequently, the mixture was allowed to warm
up to 15°C over 1h and wastirred for 24h at 18C. Upon consumption of the starting material,

the reaction was quenched with water (1 x 15 ml). The product was extracted with chloroform (3
x 15 ml). Organic layers were combined, washed with water (1 x 15 ml), dried oversMgSO
filtered and concentratad vacuo Purification of the crude product was performed using flash

chromatography with MeCN/NADH (25:2).
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(4R,4aR,7S,7aR,12bS)1-bromo-9-methoxy3-methyt2,3,4,4a,7, 7ehexahydre1H-4,12
methanobenzofuro[3,2]isoquinolin-7-ol (UOIT -3).

Codeine (6.681 mmol) and NBA (7.215 mmol) in anhydrous THF (12 ml) following general
procedure. The reaction was worked up and purified as described above t4Gji€kB as a pale

yellow powder (2.047 g, 81%ield):*H-NMR (400 MHz, CDC}) : U 6. 8&7((m,, 1H),
1H), 5.30 (tdJ = 2.7, 9.8 Hz, 1H), 4.92 (dd,= 1.3, 6.5 Hz, 1H), 4.21 (dd= 2.2, 6.4 Hz, 1H),

3.85 (s, 3H, Me), 3.47 (ddJ= 3.2, 6.1 Hz, 1H), 2.93 (d,= 19.1 Hz, 1H), 2.7®.70(m, 1H),

2.66 (ddJ = 4.4, 12.2 Hz, 1H), 2.50 (s, 3HM¢), 2.39 (dtJ = 3.4, 12.3 Hz, 1H), 2.23 (dd=

6.4, 19.1 Hz, 1H), 2.38.06 (m, 1H), 1.94..85 (m, 1H)*C-NMR (101 MHz, CDCI 3)
133.7,132.3,127.9, 115.8, 113.0, 91.6, 77.4, 7/k(,, 66.3, 58.9, 56.4, 46.3 M), 43.4, 43.0

(OMe), 40.4, 35.6, 22.1. HRMS calcd. foigBl20BrNOs. [M+1]* 378.2603 found 378.0696.
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(4aR,7S,7aR,12b&8)1-bromo-7-((tert-butyldimethylsilyl)oxy)9-methoxy3-methyt
2,3,4,4a,7,7ehexahydre1H-4,12methanob@&zofuro[3,2e]isoquinoline(UOIT -4).

The title compound was prepared from compound 8. (0.604 mmol) and NBA (0.653 mmol) in
anhydrous THF (1.2 ml) following general procedure. The reaction was worked up and purified as
described above to yieldOIT -4 as a paleyellow powder (0.240 g, 80% yield)H4-NMR (400
MHz,CDCk) : & 6. 8 5-5.5¢m, 1H), B.37,(td] 5 2.9, 9.8 Hz, 1H), 4.73 (dd= 1.2,

6.1 Hz, 1H), 4.28 (dt]= 2.4, 5.7 Hz, 1H), 3.86 (s, 3HM®), 3.42 (ddJ= 3.2, 6.1 Hz, 1H), 2.91
(d,J= 19.1 Hz, 1H), 2.7-R.64 (m, 1H), 2.60 (ddl= 4.2,12.2 Hz, 1H), 2.47 (s, 3H,Me), 2.37

(dt,J= 3.5, 12.3 Hz, 1H), 2.19 (dd= 6.4, 18.8 Hz, 1H), 2.062.98 (m, 1 H), 1.9A.81 (m, 1H),
0.990.90 (m, 9H, Si(le)2'Bu), 0.2:0.10 (m, 6H, Sifle)2'Bu); 13C-NMR (101 MHz, CDC#) U
147.3, 142.9, 134.2, 132.627.7, 126.6, 117.3, 111.9, 92.5, 68.3, 58.9, 57.1, 46VE&)|N\43.8,

43.1 (Ve), 40.8, 35.9, 25.9, 22.1, 18.4. HRMS calcd. fosHGBrNOsSi. [M+1]* 492.5211

found 492.1564.
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(4aR,7S,7aR,12bS)1-bromo-7-((tert-butyldiphenylsilyl)oxy}9-methoxy3-methy-
2,3,4,4a,7,7ehexahydre1H-4,12-methanobenzofuro[3,z2]isoquinoline(UOIT -5).

The title compound was prepared from compound 9 (0.188 mmol) and NBA (0.203 mmol) in
anhydrous THF (0.4 ml) following general proceddree reaction was worked up and purified as
described above to yieldOIT -4 as a paleyellow oil (0.070 g, 61% vyield): IR (Diamor8 T R) 3
28012929, 1107, 739, 701:H-NMR (400 MHz, CDC4) : U7.7% (m8281, SiPh),'Bu), 7.76

7.65 (m, 2H, S®h)2'Bu), 7.51-7.34 (m, 6H, SiPh)2'Bu), 6.89 (s, 1H), 5.85.63 (m, 1H), 5.19 (td,

J= 2.7,9.8 Hz, 1H), 4.45 (dd,= 1.2, 6.1 Hz, 1H), 4.23 (dd,= 3.2, 5.9 Hz, 1H), 3.94 (s, 3H,

OMe), 3.34 (ddJ = 3.2, 6.1 Hz, 1H), 2.87 (d,= 19.1 Hz, 1H), 2.52.44 (m,2H), 2.42 (s, 3H,

NMe), 2.31 (dJ= 4.4 Hz, 1H), 2.17 (ddl= 6.2, 19.0 Hz, 1H), 1.86.59 (m, 2H), 1.22.11 (m,

9H, SiPh)2Bu); 3C-NMR (101 MHz,CDC4) & 147.6, 143.0, 135.9, 172
133.6, 132.8, 129.8, 129.8, 127.8, 127.7, 127.7, 117.6, 111.8, 92.2, 77.3, 77.2, 77.0, 76.7, 68.9,
58.8, 57.4, 46.2 (Me), 43.7, 43.1 (™Me), 40.6, 35.6, 26.9, 22.1, 19.4. HRMS calcd. for

Ca4H3sBrNO3Si. [M+1]* 616.6599 found 616.1876.
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(4aR,7S,7aR,12b8)1-bromo-3-cyanc9-methoxy2,3,4,4a,7,7ehexahydre1H-4,12
methanobenzofuro[3,]isoquinolin-7-yl acetate(UOIT -9).

The title compound was prepared from compound12Z84 mmol) and NBA (0.307 mmol) in dry
THF (0.64 mL) following general procedure. The reaction was worked up and purified as
described above to yieldOIT -9 as a paleyellow powder (0.115 g, 94% yield)4-NMR (400

MHz, CDCk) : © 6. 9 2-5.13¢m, 1H), )0 (td)5 .28 ,110.1 Hz, 1H), 5.28.15 (m,

1H), 5.11 (ddJ = 0.9, 7.0 Hz, 1H), 4.11 (dd,= 3.7, 5.6 Hz, 1H), 3.85 (s, 3HM®), 3.37%3.28

(m, 1H), 3.21 (dtJ= 3.9, 12.7 Hz, 1H), 3.00 (d,= 19.3 Hz, 1H)2.922.82 (m, 1H), 2.75 (dd,

J= 6.1, 19.1 Hz, 1H), 2.12 (s, 3H, G@e), 2.142.06 (M, 1 H), 1.95 (ddl= 2.4, 13.2 Hz, 1H);
13C-NMR (101 MHz, CDC4) u 1 7:8e),446.8,@43.7, 130.4, 130.0, 126.5, 124.2, 117 .4,
117.4,113.0,87.7,77.4,77.1, 7688.9, 57.2, 56.7, 43.3, 42.5N18), 38.6, 33.8, 30.1, 20.7, 0.0.

HRMS calcd. for GoH19BrN204. [M+1]" 431.2798 found 431.0605.
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(4aR,7aR,12bS)11-bromo-9-methoxy3-methyt2,3,4,4atetrahydro1H-4,12
methanobenzofuro[3,2]isoquinolin-7(7aH)}one (UOIT -13).

/O l Br
0]

H N
(W
0]

UOIT-13

The title compound was prepared from compound 11 (0.336 mmol) and NBA (0.363 mmol) in
anhydrous THF (0.67 ml) following general procedure. The reaction was worked up and purified

as described above to yidlDIT -13as a pale yellow powder (0.076 g, 60% vyield): IR (Diamond

ATR) 3292281222, 1106*H NMR (400 MHz,CDCY) U 6. 89 ( sJ= 18 H), 6
10.1 Hz, 1 H), 6.10 (ddl= 2.9, 10.3 Hz, 1 H), 4.72 (s, 1 H), 3.84 (s, 3 M)&R 3.56- 3.48 (m,

1 H), 3.30- 3.23 (m, 1 H), 3.02 (d] = 18.8 Hz, 1 H), 2.66 (dd,= 4.0, 11.9 Hz, 1 H), 2.49 (s, 3

H, NMe), 2.34- 2.05 (m, 3 H), 1.901.81 (m, 1 H)}3C-NMR (101 MHz, CDC§) & 193. 9 ( Ci
148.5,144.6, 143.6, 132.8,130.4,117.5, 113.2,88.3, 77.4,7/710276.7, 59.0, 56.9, 46.6N¢),

43.7, 42.9 (Me), 41.0, 33.8, 21.9, 0.0. HRMS calcd. forsB:sBrNOs. [M+1]* 376.2444 found

376.0489.
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2-((4aR,7R,7aR,12bS)1-bromo-9-methoxy3-methyt2,3,4,4a,7, 7ehexahydro1H-4,12
methanobenzofuro[3,2]isoquinolin-7-yl)isoindoline-1,3-dione (UOIT -14).

UOIT-14

The title compound was prepared fra®IT -19 (0.233 mmol) and NBA (0.252 mmol) in dry

THF (0.5 mL) following general procedure. The reaction was worked up and purified abel@scri

above to yieldUOIT -14 as a paleyellow powder (0.081 g, 68% vyield). IR (Diamo#dT R) 3

2926, 1706, 1096;'H-NMR (400 MHz, CDC4) :  7.63 (m94HPh), 6.94 (s, 1H), 5.69 (d,

J= 10.0 Hz, 1H), 5.65.50 (m, 1H), 5.15.04 (m, 1H), 4.9%.80 (m, 1H), 3.90 (s, 3H, \De),

3.623.49 (m, 1H)3.01 (s, 1H), 3.06 (s, 1H), 2.59 (s, 3HYIN), 2.442.37 (m, 1H), 2.35 (dJ =

5.6 Hz, 1H), 1.79 (br. s., 1H), 1.28 @= 6.1 Hz, 1H)3C-NMR (101 MHz, CDC4) U 167 . 4,
143.9,134.2,134.2,131.9,127.1, 123.4,116.7,112.7,91.1, 77.4, 77.2, 777994 56.8, 50.8,

47.2, 45.0 (We), 42.8 (QMe), 35.7, 21.9. HRMS calcd. for6H24BrN20s. [M+1]* 507.3758

found 507.0898.
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(4aR,7S,7aR,12bS)1-bromo-7-((tert-butyldiphenylsilyl)oxy)3-(cyclopropylmethyho-
methoxy2,3,4,4a,7,7ehexahydre1H-4,12mehanobenzofuro[3,2e]isoquinoline (UOIT -24).

UOIT-24

The title compound was prepared frad®IT -18 (0.039 mmol) and NBA (0.042 mmol) in
anhydrous THF (0.08 ml) following general procedure. The reaction was worked up andl purifie
as described above to yidllDIT -24 as a paleyellow powder (0.023 g, 89% vyield): IR (Diamond
ATR) 3-293B8H(5, 740, 695;'H-NMR (400 MHz, CDCY) :  #-7.78 (n8 2H,
Si(Ph)2'Bu), 7.777.64 (m, 2H, SiPh),'Bu), 7.537.35 (m, 6H, SiPh),'Bu), 6.89(s, 1H), 5.865.68
(m, 1H), 5.20 (td) = 2.7, 9.8 Hz, 1H), 4.48.41 (m, 1H), 4.261.18 (m, 1H), 3.94 (s, 3H,10e),

3.66 (d,J = 1.7 Hz, 1H), 2.82.70 (m, 2H), 2.47 (br. s., 1H), 24535 (m, 1H), 2.32.22 (m,

2H), 2.17 (ddJ = 6.1, 18.6 Hz, 2H),.87-1.57 (m, 3H), 1.18..05 (m, 9H, SiPh)»'Bu), 0.940.73

(m, 1H), 0.54 (dJ = 7.8 Hz, 2H), 0.16 (dl= 4.4 Hz, 2H):*C-NMR (101 MHz,CDC¥) U 142 . 9,
137.4, 135.9, 135.8, 133.7, 129.8, 127.6, 117.6, 114.7, 111.8, 106.4, 92.4, 77.3, 77.2, 76.7, 69.1,
59.9, 57.4, 56.2, 55.3, 46.2 [(\¢), 44.7 (Me), 26.9, 26.6, 22.7, 19.6, 19.4, 18.1, 16.6, 3.9, 3.7.

HRMS calcd. for GiH42BrNOsSi. [M+1]" 656.723 found 656.2179.
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(4aR,7S,7aR,12bS)-((tert-butyldimethylsilyl)oxy)9-methoxy3-methyt2,3,4,4a,7,7a
hexahydre1H-4,12methanobenzofuro[3,2]isoquinoline(UOIT -1).

The title compound was prepared from codeine ¥alg Davies procedur®! Isolated as (0.4677
g, 67%yield):'H-NMR (400 MHz, MeOHd,) : u 6=86l61z, 1 d),6.52 (d]=8.3 Hz, 1
H), 5.58- 5.65 (m, 1 H), 5.33 (df]= 9. 8, 2.7 Hz, 1 H), 4.75 (dd= 6.4, 1.22 Hz, 1 H), 4.37 (td,
J= 5.8,2.5Hz, 1 H),3.86 (s, 3 HM®), 3.46 (ddJ = 6.1, 3.2 Hz, 1 H), 3.09 (d,= 188 Hz,
1 H), 2.67-2.75 (m, 2 H), 2.66 (dl= 4.4 Hz, 1 H), 2.51 (s, 3 H,ME), 2.36- 2.48 (m, 1 H), 2.11

(td,J= 12.8, 5.01 Hz, 1 H), 1.741.88 (m, 1 H), 0.931.01 (m, 9H, Si¥le),'Bu), 0.11- 0.23 (m,

6H, SiMe)2Bu), 3C-NMR (101 MHz, MeOHds) i 147 .3, 142.9, 134.

117.3, 111.9, 92.5, 68.3, 58.9, 57.1, 46.81@) 43.8, 43.1 (Me), 40.8, 35.9, 25.9, 22.1, 18.4.
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(4aR,7S,7aR,12bS)-((tert-butyldiphenylsilyl)oxy)9-methoxy3-methyt2,3,4,4a,7,7a
hexahydre1H-4,12methanob@zofuro[3,2e]isoquinoline(UOIT -2).

The title compound was prepared from codeine following a literature procEduisolated as

(0.305 g, 85% vield): IR (Diamord T R)  3-292B81402, 740, 700H-NMR (400 MHz,

MeOHd 4) : U -@P0{m,2 H,7S®h)2Bu), 7.61- 7.75 (m, 2 H, SPh)2'Bu), 7.26- 7.55

(m, 6 H, SiPh)2'Bu), 6.69 (dJ= 8.1 Hz, 1 H), 6.52 (d] = 8.1 Hz, 1 H), 5.585.73 (m, 1 H),

5.24 (dt,J= 9.8, 2.69 Hz, 1 H), 4.47 (dd= 6.1, 1.2 Hz1 H), 4.25 4.36 (m, 1 H), 3.92 (s, 3 H,

OMe), 3.04 (dJ= 18.8 Hz, 1 H), 2.55 (dd,= 12.47, 4.16 Hz, 1 H), 2.462.50 (m, 2 H), 2.42

(3, 3 H, NVe), 2.39 (m, 1 H), 1.82 (td}= 12.72, 5.14 Hz, 1 H), 1.571.73 (m, 1 H), 1.04 1.17

(s, 9 H, SiPh)2'Bu)3*C-NMR (101MHz, MeOHds) & 147.9, 135.6, 135.5,
129.6, 129.5, 127.6, 127.4, 127.2, 118.7, 115.5, 91.7, 69.1, 58.7, 48.3, 48.2, 48.0, 47.8, 47.6, 47 .4,
47.2, 47.0, 45.9 (Me), 42.9 (Me), 41.6, 39.9, 34.9, 26.0, 20.3, 18.8. HRMS calcd. for

Ca4H3z9NOsSi. [M+1]" 537.7638 found 538.3089.
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(4aR,7S,7aR,12bS3-cyano9-methoxy2,3,4,4a,7,7ehexahydre1H-4,12
methanobenzofuro[3,]isoquinolin-7-yl acetate(UOIT -8).

The title compound was prepared from codeine following a titezgproceduré® Isolated as
(0.389 g, 83% yield)'H-NMR (400 MHz, MeOHds) : U 6= 8.FHz(1dH), 6.64 (d] =
8.3 Hz, 1 H), 5.73 5.66 (m, 1 H), 5.545.47 (m, 1 H), 5.245.17 (m, 1 H), 5.09 (ddl = 0.7,
7.1 Hz, 1 H), 4.13 () = 4.3 Hz, 1 H), 3.86 (m, 1 H), 3.84 (s, 3 HVI€), 3.28- 3.17 (m, 1 H),

3.09- 2.98 (M, 2 H), 2.98 2.92 (m, 2 H), 2.20 (di] = 5.6, 12.8 Hz, 1 H), 2.13 (s, 3 H, &),

1.87 (ddJ= 2.3,13.1 Hz, 1 H**C-NMR (101 MHz, MeOHds) U 146. 7, 142.

125.0, 119.6, 114.7, 87.4, 67.2, 57.4, 55.9, 48.2, 48.1, 48.0, 47.8,44746 47.2, 47.0, 43.3

(OMe), 41.6, 38.5, 33.5, 28.0, 19.2.
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(4aR,7aR,12bSY-methoxy3-methyt2,3,4,4atetrahydro1H-4,12methanobenzofuro[3,2
elisoquinolin-7(7aH)-one (Codeinone).

T
o)

H N
(5
O

Codeinone

The title compound was preparedrfr codeiné’ Isolated as (0.141 g, 96% yieldH-NMR (400
MHz,CDCEk) : U p-6.60 (rf, 2 A)26.09 (dd,= 2.8, 10.1 Hz, 1 H), 4.70 (s, 1 H), 3.85 (s,

3 H, OMe), 3.46- 3.35 (m, 1 H), 3.243.16 (m, 1 H), 3.11 (d] = 18.6 Hz, 1 H), 2.61 (dd),=

4.2,12.2 Hz, 1 H), 2.46 (s, 3 HM¢), 2.37- 2.22 (m, 2 H), 2.07 (dfl = 5.0, 12.3 Hz, 1 H), 1.90

-1.79 (M, 1H)3C NMR (126MHz MeOHds) U = 195.4 (CO), 149.8, 14
128.9, 126.1, 119.9, 115.1, 88.0, 58.8, 56.1, 48.8,4177.9, 47.7, 47.7, 47.7, 47.6, 47.6, 47.5,

47.5,47.4,47.4,47.2,47.1, 46.5VN), 42.8 (Me), 41.5, 40.5, 32.9, 20.3.
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2-((4aR,7R,7aR,12bSy-methoxy3-methyt2,3,4,4a,7, 7ehexahydre1H-4,12
methanobenzofuro[3,2]isoquinolin-7-yl)isoindoline-1,3-dione (UOIT -19).

UOIT-19
The title compound was prepared from codédihésolated as (0.128 g, 45% yieldd NMR (400

MHz,CDCk) : U p-i (M,.2¥HPh), 7.74- 7.57 (m, 2 HPH), 6.72 (dJ= 8.1 Hz, 1
H), 6.62 (dJ= 8.3 Hz, 1 H), 5.69 (d]= 10.0 Hz, 1 H), 5.52 (dd,= 4.6, 9.0 Hz, 1 H), 5.05 (s,
1 H), 4.88 (dJ= 2.7 Hz, 1 H), 3.89 (s, 3 H,M), 3.56- 3.40 (m, 2 H), 3.35 (br. s., 1 H), 3.07

(d,J= 18.3Hz, 1 H), 2.65 (d,= 9.5 Hz, 1 H), 2.50 (s, 3 MIMe), 2.45- 2.16 (m, 2 H), 1.76 (d,

J= 9.8Hz,1H),1.26 (d= 6.1 Hz, 1 H)*C-NMR (101 MHz,CDC¥) U 167. 4, 143.

134.2,131.9, 127.1, 123.4, 116.7, 112.7,91.1, 77.4, 77.2, 77.0, 76.7, 59.4, 56.8, 50.8, 47.2, 45.0

(NMe), 42.8 (QMe), 35.7, 21.9
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(4aR,7S,7aR,12bS)-((tert-butyldiphenylsilyl)oxy)3-(cyclopropylmethyh9-methoxy
2,3,4,4a,7,7ehexahydre1H-4,12-methanobenzofuro[3,z2]isoquinoline(UOIT -8).

UOIT-18

The title compound was prepared frat®IT -2 following Matsko proceduré! Isolated as a pale

yellow powder (0.163 g, 96% yield): IR (DiamoddT R) 3293381505, 740, 695H NMR

(400 MHz ,CDC)) : U 7= 8.8, 7.8 Hz® H, SKh)2'Bu), 7.71- 7.63 (M, 2 H, SIPh)2'Bu),
7.48-7.31 (m, 6 H, SPh)2'Bu), 6.66 (dJ = 8.1 Hz, 1 H), 6.46 (dl= 8.3 Hz, 1 H), 5.72 (dl =

9.8 Hz, 1 H), 5.19 ¢, J= 2.7, 9.8 Hz, 1 H), 4.474.40 (m, 1 H), 4.21 (ddl= 2.9, 5.6 Hz, 1 H),

3.94 (s, 3 H, ®le), 2.98- 2.85 (M, 3 H), 2.39 (dl= 6.8 Hz, 2 H), 2.30 (dl= 7.1 Hz, 3 H), 1.74

(br. s., 2 H), 1.11 (s, 9 H, $it)2'Bu), 0.51 (dJ= 7.6 Hz, 2 H)0.12 (d,J = 4.9 Hz, 2 H)13C

NMR (126MHz ,METHANOL-d4) d = 147.9, 142.0, 135.6, 135.5, 133.7, 133.5, 132.9, 131.1,
129.6, 129.5, 127.4, 127.3, 118.7, 115.4, 91.8, 69.1, 59.1, 56.7, 56.1, 48.1, 47.9, 47.7, , 47.6, 47.5,
47.4,47.1,44.6, 43.5 (@), 26.0 20.8, 18.8, 8.0, 3.2, 2.8 HRMS calcd. farkusNOsSi. [M+1]*

577.8277 found 578.3099.
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Chapter 11l

Synthesis of Natural Product Bismorphine A



[11.1 Proposed Synthesis of Bismorphine A

Our proposed synthesis of bismorphine A commences with the preparation of halogenated codeine
as a starting material, followed by a crasgipling reaction to prepare the intermediate biscodeine

A using various methods. Finally, the demethylation of biscodeine A with boron tribromide would

potentially yield bismorphine A (Scheme I111.1).

Demethylation Cross-Coupling
Me_

Me 3

) ) codeine dimer
bismorphine A (biscodeine A)

Halogenation

codeine X=1 Br

Scheme 111.1 Proposd retrosynthesis of bismorphine A

Following the above synthesis plan, the preparation of bismorphine A commenced with an attempt

to halogenate codeine. To accomplish this transformation, a methodology reported by Liebman
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and colleagues in 1978 was usecdevencodeine is treated with chloramine T and sodium iodide
(Scheme I11.2J% Unfortunately, the reported methodology did not yield the desired product (Table

I11.1).

Chloramine T

X
Nal,HCI

Scheme 111.2 Synthesis of dodocodeine

Moving forward the bromination of codeine was targeted instead. To synthebizerbcodeine,

a methodology developed in chapter Il for the bromination of codeine was used (Scheme II.1). To
avoid undesired side reactions in subsequent steps, it has been decided 6t®-tese
butyldimethylsilyl1-bromocodeine YOIT -4) and 60-tert-butyldiphenylsilyt1-bromocodeine

(UOIT -5) instead of dbromocodeine (Figure 11.2).

Table Ill.1 Unsuccessful ptimization of iodination of codeine

Entry Tem. (°C) Time Condition
1 rt 12min Air
2 rt 12min Air
3 50 24h Air
4 50 24h Under Argon
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[11.2 Stille Coupling

At this point, Stille coupling was considered. Based on previous reports on the preparation of
codeine derivatives, Stille coupling was a robust organometallic transformatitive fformation

of carboncarbon bonds$? Firstly, had to be prepared organotin derivative. The synthesi©ef 6
tert-butyldimethylsilyt1-tributyltincodeine was accomplished in 66% yieid lithium-halogen
exchange and subsequent treatment of orghnoh intermediate with tributyltin chloride

(Scheme 111.3)%

nBuLi (2.5 M in Hexane )(1.1 eq )
Bu3SnCl (1.0 eq)

THF, 3h, -78°C tort

(UOIT-4) (14)
66%

Scheme 111.3 Synthesis of €-tert-butyldimethylsilyl -1-tributyltincodeine (14)

After successfully synthesizing -®-tert-butyldimethylsilyt1-tributyltincodeine (14), Stille
coupling was performed. In our first attempt, a catalytic amount of palladium acetate was used
(Scheme l11.4). However, the desired product formation was not observed. Despite the fact that
the stoichiometric amount of palladium zero wasd next, the Stille coupling reaction did not
yield the desired dimer (Scheme Ill.4)-Cétert-butyldimethylsilyl1-tributyltincodeine (14)
contains a bulkyrtho-substituent and electredonating substituent, both of which may retard

oxidative palladim addition.
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Pd(OAc), ( 10 mol%)
PPh3 (40 mol%)
NEt; (1.4 eq.)

X
DMF, 100°C, 4h

TBDMSO"

UOIT-4 14 TBDMSO"

2OTBDMS
/O H
Pd( PPhs ), (1.0 eq) o}
O X
0 o}
H DMF, 100°C, 4h ~
O/

TBDMSO""
o)

UOIT-4
TBDMSO"

Scheme 111.4 Synthesis of biscodeine ®ia Stille coupling

[11.3 Homocoupling

Since bismorphine A is a symmetrical compound, our next approach was the homocoupling of 1
bromocodeine coupling was attempteshggalladium, and nickdbased catalysts, in combination

with commercially available ligands (Table 111.2 & 111.359

57



Scheme I11.5 Synthesis of biscodeine ¥ia homocoupling

Table I11.2 Unsuccessful mmocoupling usng palladium catalysts

Entry  Pd catalyst Ligand Additive Solvent
1 Pd(OAc) - K2CGOs Poly(ethylene glycol)
2 Pd(dba) - 1.0M TBAF in THF DMF
3 Pd(OAcy  As(O-tol)s HQ/C3COs DMA
4 Pd(OAcy Xantphos K2CGOs Toluene
5 Pd(PPh)s - K2COs/Ferrocene Dioxane/HO
6 Pd(dppf)Ct - CCOs DMSO

A direct dimerization of romocodeine in PEG (poly (ethylene glycol)) was performed (Table
111.2, entry 1) The terminal hydroxy group in PEG was reported to act as a reductant (Scheme
111.5).14 As illustrated in Schme 1II.5, the alcohol gets oxidized to the aldehyde by. Pd
Unfortunately, only the hydrodehalogenation product was generated (Table 111.2, entry 1). The
fluoride-mediated homocoupling of aryl bromides catalyzed by palladium(0) protocol was
reported to tterate the electredonating andrtho-substituents on aryl halid®. However, the
reaction did not proceed in the presence of TBAF as a fluoride source (Table 111.2, entry 2).
Unfortunately, the desired homocoupling product was not observed, undassvaadnditions

(Table 111.2, entry 36).
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ArX Pd° R)J\

OH

A

Ar-Ar Pd”Xz R R

Scheme 111.6 Mechanism of Pecatalyzed homocoupling of aryl halide in the
presence of PEG as a reductan!

Nickel-catalyzed homocoupling reaction received substantial attedtiento the fact that it
proceeds under very mild conditions compared to classical Ullman coupling. An efficient
homocoupling of aryl halides using a zactivated nickel complex in the presence of

tetraethylammonium iodide (BMI) was reported by lyodand colleague§)
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Table I11.3 Homocoupling using nickel catalyst
Entry Ni catalyst Ligand Additive

1 NiBrz(PPhs3)2 Zn(1.5eq)/ MeNI(0.3eq)

2 NiBro(dimethoxy ethane] Diazabutadiene Zn(0.75eq)/ MeNI(0.5eq

4

3 NiBra(dimethoxy ethane, Diazabutadire  Zn(0.75eq)/ EiNI(0.5eq)

4 NiBr2(hs)2 cataCXium Zn(3.0eq)/ EiNI(0.2eq)
5 NiBr2(PP3)2 Xphos Zn(1.0eq)/ EANI(1.0eq)
6 NiBr2(PFhs)2 P(o-Tol)s Zn(1.0eq)/ E4NI(1.0eq)
7 NiBr2(PFh3)2 TTBP.HBFR Zn(1.0eq)/ EiNI(1.0eq)

Nickel-catalyzed couplingeactions involve the oxidation addition of aryl halide (1) followed by
zinc-mediated reduction of Nito Ni' (2) (Scheme I11.7). Second oxidative addition of tiaryl
halide (3) and subsequent reductive elimination to form a dimer (4) (SchemeR#gtettably,

only hydrodehalogenation product was observed after multiple attempts (Table 111.3).
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ArX

0 1
Ni ArNi''X
1/2 Zn°
1/2 Zn"X,
5 2
112 700 1/2 Zn"X,
n
Ni'X ArNi'
4
3 ArX
Ar-Ar Aeri"IX

Scheme 111.7 Mechanism of nickelcatalyzed homocoupling of aryl halide using a
zinc-activated nickel complex®

[11.4 Lith ium-halogen Exchange Strategy

At this point, a lithiumhalogen exchange strategy was chosen to make our substrate more reactive.
Various metal complexes were employed, such as Fe, Ni, Co, and Pd. However, no product

formation was observed in these reaws, likely due to steric hindrance on the aromatic ring

system (Scheme I11.8}"
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TBDMSO"

M= FeCly
Pd-PEPPSI-IPent
Ni (COD),, R-Monophos
CoCl,

Scheme I111.8 Synthesis of biscodeine a lithium -halogen exchange strategy

[11.5 Synthesis of Bismorphine A via an Oxidative Approach

Atfter all attempts failed, the known procedure for the preparation of théie reported by
Bentley and Dyke was repeatéd Af t er t he NMR data anal ysi s,
spectra match the NMR of bismorphine A. Morimoto and collesgule extracted bismorphine

A from opium cl ai med t h@EOntheothér kand, Bettlsy andrDiyke n

believed that bismor phi feAtiird, this quasticd Ngeds toibe n

answered: Is the compound timas been extracted from opium is the same as the one synthesized
in the laboratory by Bentley and Dyke? To repeat Bentley and Dyke procedure, codeine was

converted to morphine. The optimization of codeine demethylation was conducted in order to

prepare rorphine (Table 111.4)¥ Morphine was successfully synthesized in 57% yield by using

6 equivalents of BBrin chloroform at 15C (Table IIl.4, entry 5).
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Or
HO
Q
HO"™
1:1 bismorphine 2:2' bismorphine
(bismorphine A) (pseudomorphine)

Figure Ill.1 Structure of bismorphine A and pseudomorphine

Table 111.4 Optimization of morphine synthesis

Entry BBrs(eq.) Solvent Time Temp. (°C) Yield%
1 2.9 DCM 5h -78to-5 0
2 3.0 DCM 5h -78t0-25 0
3 3.0 DCM 3h -78t0-10 0
4 6.0 DCM 15min rt 37
5 6.0 CHCls 30min 15 57

The dmer was then synthesized ugipotassium ferricyanide and potassium hydroxide in water
at room temperatunga one-electron oxidation using procedure reported by Bentley and Dyke in
1959 (Scheme 111.9J*Y We compared our product NMR with NMR reported by Morimoto and
colleagues. Weried their procedure and unexpectedly,and*C NMR match the bismorphine

A extracted from opium by Morimoto and colleague in 2008. We conclude that bismorphine that
has been extracted from opium is the same bismorphine that has been synthesizablaratioey

by Bentley and Dyke.
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Ks[Fe(CN)g]

KOH, H,0, rt

bismorphine A pseudomorphine

Scheme 111.9 Synthesis of bismorphine

Second question: Is the carboarbon bond formation occur ati¥positonor22 Nj posi t i on?
answer this question single crystal formation of the dimer was performed. The dimer only
dissolved in dimethyl sulfoxide. Therefore, the formation of crystals was challenging. Vapor
diffusion technique was used; however, ezild not get crystals of sufficient quality (Scheme

111.10).
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The mode of union of the two morphine molecules has not lne@mbiguouslyletermined. The
pairing of two radicals in position two formed 22Nj bi s mor phi ne, according

(Screme 111.11).

AV T
—_— — |5

o

o

M lati] | Sample dissolved in less volatile solvent
ore volatile solvent (DMSO)

(dH,0), (MeOH), (MeCN)

Scheme 111.10 Vapor diffusion technique used for crystallization of bismorphine

However, the formation and coupling of radicals in position one is possible as well. To investigate
the structuréH and*3C NMR assigned using distortionless enhancement by polarization transfer
(DEPT), homonuclear -correlated spectroscopy (COSY), heteronuclear shift correlation
(HETCOR), nuclear Overhauser enhancement spectroscopy (NOESY) was reported by Caldwell

and colleague 1990
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2-2' bismorphine

Scheme 111.11 Mechanism of morphine oxidation

The longrange coupling of HL to H-10 was observed by Caldwell and colleagues in 1990, as well

as, the coupling of M and G13/*! Although Caldwelland@ | | eague' s experi men:
union, it suffers from the fact that a crgssak between H and OCHwas also observed by them

when biscodeinédimethylpseudomorphine) was testéd Data reported 1990 is not sufficient

to draw a conclusion. Thefore, we performed the following experiments to determine the
bismorphine structure. The structure of bismorphine was constructed according to the
interpretation of 1D and 2D NMR data obtained fréfi'H Correlation spectroscopy (COSY)
and'H-1*C Heteromiclear Single Quantum Coherence (HSQC), and Heteronuclear Multiple Bond
Correlation (HMBC) experiments (Figure 111.2 & 111.3). THEI/**C HSQC data allowed for the
assignment of3C signals carbon nuclei that areb@nd coupled to proton nuclei. The HSQC
correlations from UH 6.31 to the 0UC 121 were

union (Figure 111.2).
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Figure 111.2 Acquire a 2D H/'3C HSQC spectrum
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Follow by acquiring a 23H/**C HMBC (heteronuclear multiple bond correlation) speutito

assign chemical shifts to the quatern&¥y nuclei. The HMBC coupling pattern is different for

the 1, 1Nj and 2, 2Nj c ons2DH%H9CHMB® shows thes aomectios ( Fi ¢
between carbon 10 and 12 to proton 1. This J2 J3 intercovibedsi only matching with the

HMBC coupling patternfor2 Nj bi smor phine (Figure 111.3). Th

experiment confirms that the carboarbon bond formation occurs a22Nj posi t i on.
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Figure I11.3 Acquire a 2D H/'3C HMBC spectrum
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[11.6 Experimental Procedure

All reactions were performed under the atmosphere of nitrogen. Reagents and materials were
obtained from commercial sources without further purification unless otherwise stated. Reaction
progress was monitored by TLC onaggb acked silica gel (60 i, 2
indicator) with visualization under 254 nm ultraviolet light and staining by potassium
permanganate (KMnf) . NMR data were collected at 25
spectrometer in deuterated sohe(€DCk and MeOD were obtained from Cambridge Isotope
Laboratories, Inc., Andover, MA, USAJH and*3C[*H] were collected at 400 and 100 MHz,
respectively, with chemical shifts expressed as ppm. NMR spectra were obtained using a Bruker
Ascend 400 spectnoeter in CD{ with tetramethylsilane (TMS) as the internal standard. The
chemical shifts were reported in parts per mi
(TMS) as an internal standard. The coupling consthaits quoted in Hertz (Hz).MR data were
processed using Bruker TopSpin 4.0.5-IRTspectra were recorded on a Bruker ALRRA
spectrometer using a platinum ATR with a diamond ATR crystal. Spectra are reported in terms of
frequency of absorption (cih), and only partial data is praad. IR spectra were processed with

OPUS Spectroscopy software (Version 7.5, Bruker Optik, GmbH). -Aaied flash
chromatography was conducted using a Biotage Isolera flash chromatography system using silica
gel (60 A, low acidity, obtained from SiliCygl®uebec City, QC, Canada) and reagent grade

solvents. Structures were drawn with ChemDraw Professional 17.1.
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22Nj bi smor p-BHine (UOIT

UOIT -7 was prepared using the following literature procedfitén a hot soltion of potassium
hydroxide (0.3504 mmol) in water (10 ml), morphine (0.3504 mmol) was added. The mixture was
cooled to room temperature. A solution of potassium ferricyanide (0.3504 mmol) in water (4 ml)
was added during 50 min. Stirring was continue®fbmin. The reaction mixture which consisted

of a suspension of white solid was filtered and washed thoroughly with methanol. The resulting
crystalline material was dissolved in concentrated ammonia solution and boiled. The residue was
collected as a whitsolid. UOIF7 as a white powder (0.1051 g, 50% Yiefd.NMR (400MHz
,DMSO-d) ti=6.31 (s, 2 H), 5.59 (d,= 9.8 Hz, 2 H), 5.28 (td] = 2.7, 9.7 Hz, 2 H), 4.85 (d,=

6.1 Hz, 2 H), 4.74 (d] = 5.4 Hz, 2 H), 4.13 (br. s., 2 H), 4.04 (br. s., 2 H90Xd,J = 18.6 Hz, 2

H), 2.57 (br. s., 2 H), 2.33 (s, 6 HM¢), 2.24 (dd,J = 6.4, 18.8 Hz, 4 H), 2.02 (d1,= 4.8, 12.3

Hz, 2 H), 1.70 (dJ = 11.2 Hz, 2 H)X*C NMR (126MHz ,DMSGds) Ui = 147.6, 133.9, 130.0,
128.8, 128.6, 121.4, 92.2, 90.0, 72.7,86&8.6, 46.5 (Ne), 43.2, 43.2, 41.1, 40.6, 40.5, 40.4,
40.3, 40.2, 40.1, 40.0, 39.9, 39.8, 39.6, 35.8, 20.5, 16.5.HRMS calcdzsft>0s [M+1]"

568.6594 found 569.2637.
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Chapter IV

Determination of Biological Activity of

Novel Opioid Compounds



IV.1 Synthesis of Novel Opioid Compounds

A series of ésubstituted codeine and its derivatives were synthesizddtémmine the effect of
these modifications on MORfanity. The synthesis of compound#OIT -1, UOIT -2, UOIT -18
and UOIT -19 were reported in Chapter Il. To investigate the effect -ofaBd 6position
modification of morphine, 3;8i-O-tert-butyldiphenylsilylmorphineJOIT -20) was synthesized.
The synthesisof 3,6-di-O-tert-butyldiphenylsilylmorphine WOIT -20) is illustrated below

(Scheme V.14

TBDPSO
TBDPSCI (3.0 eq)
imidazole (3.0 eq) o)
DMF, rt, 24h

44%

TBDPSO"

morphine UOIT-20

Scheme V.1 Disilylation of morphine (UOIT-20)

The 3 and 6 hydroxy groups on morphine were protected using TBDMSCI (3.0aq)irig
UOIT -20 in 44% vyield Scheme 1V.).11 Norcodeine was prepared in 90% yield by refluxing
UOIT -8 in 6% hydrochloric acid (Scheme IV.B).Subsequently, silyl protection of norcodeine

gave 18% of 8D-tert-butyldophenylsilylnorcodeindJOIT -30) (Schene 1V.2)
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e 0
0,
o 6% HCI TBDPSCI (1.2 eq)
H 10h, reflux imidazole (1.2 - ©
g \ ImIDal:/TIS e ( 2.4he<J) NH
o N, 9095% iy :
18% TBDPSO"

UOIT-8 norcodeine UOIT-30

Scheme 1IV.2 TBPDS protected norcodeine (UOIBO)

Synthesis of 8)-triphenylsilylcodeine JOIT -16) was accomplished by treating codeine with

triphenylsilylchloride (1.2 eq) in 75% yield (Scheme IM13).

TPSCI (1.2 eq)
imidazole (1.2 eq)
DMF, rt, 24h

75%

. UOIT-16
codeine

Scheme V.3 Synthesis of-©-triphenylsilylcodeine (UOIT-16)

Furthermore, the synthesis of four new opioids was performed to study the effect of modification
in 6-position andN-alkylation on MOR affinity. Norcodeine was &ted with allyl bromide to
yield 65% o0f20.2! N-allylcodeine 20) was protected with TBDPSCI, TBDMSCI, and TMSCI to

afford UOIT -17, UOIT -25andUOIT -27, respectively (Scheme IV.4Y.
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TBDPSCI (1.2 eq) o
imidazole (1.2 eq)
THF, rt, 24h H

989, TBDPSO"

Allylbromide (1.5 eq)
TBDMSCI (1.2 eq)

Na,CO3 (1.5 eq) (12 e0) o
o imidazole (1.2 eq
DMF, 60°C, 5.5h THF, rt, 24h H ‘ N
65% 82% TBDMSO" <

UOIT-25

norcodeine

80
TMSCI (1.2 eq) o

imidazole (1.2 eq)
THF, rt, 24h H ‘ H
54% TMSO" {
\

UOIT-27

Scheme 1V.4 Synthesis dfi-allylcodeine derivatives

In order to understand the impact of protecting groups on a dimer, the modification on the scaffold

of UOIT -7 was performed, and compoub®IT -28 was synthesized (Scheme IVI8).
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OTBDMS

TBDMSCI (5.0 eq)
imidazole (5.0 eq)
DMF, rt, 72h

TBDMSO'"

UOIT-7 UOIT-28

Scheme V.5 Syntheis of dimer UOIT-28

IV.2 Determination of the Biological Activity of Novel Opioid Compounds

New morphine and codeine derivatives were submitted for screening to Eurofins. For the primary
screen, a radioligand binding method was used. Human recombinariKCH®@IIs and {H]
diprenorphine were used as a source and radioligand, respectively. The andlogues

19, UOIT -2, UOIT -16, andUOIT -1 were evaluated in a competition binding assay agairit [
diprenorphine, which is the strongest commercially availapleid antagonist. The results were
compared with codeine. Modification at the allylic alcohol, positionU®I{ -19, UOIT -

2, UOIT -16, UOIT -1) shows higher percent inhibition compared to codeine (Figure 1V.1). Our
results demonstrated that the steric hamde of the substituent in position 6 affects binding
inhibition activity. Avalues provide a measure of the bulk of substituents. Fhal#es oft-
BuMe:SiO, t-BuPhSIiO, and P§5IO were measured by Eliel and colleagues in 1994 and were
determined to be @6, 0.56, and 0.71 kcal/myl respectivelyt® These Avalues unexpectedly

show that considerable steric hindrance is associated with the alkyl groups attached to silicon. In
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agreement with these-valuest-BuPhSiO with lowest Avalue = 0.56 (kcal/md)) shows the
highest binding inhibition activity (%Inh.91) followed by §0 (%Inh. 72) and-BuMe:SiO
(%Inh. 57). From these results, it is clear that as tivalBe decreases, binding inhibition activity

increases in analogues modified in position 6.

Moreover, to investigate the effect of 6 position modifications on codeine adti@ty, -19 was

chosen to test the inversion of stereochemical configuration and replacement of the hydroxyl group
with phthalimide. It should be noted tHa©IT -19 was a valuble synthetic intermediate for the
preparation of MP1104, which was found to act as a dual kagipa opioid receptor agoniét.

UOIT -19 shows significantly higher percent inhibition compared to codeine (97% vs. 23%)
(Figure 1V.1). We speculate that tmsght be due to the inversion of stereochemical configuration

in position 6 or phthalimide substituent.
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o %Inh. 91

Codeine
%Inh. 23

UOIT-16 OUOIT-I
%Inh. 72 YoInh. 57

Figure IV.1 Inhibition of [ 3H] diprenorphine binding by UOIT -1, UOIT-2, UOIT-16, and
UOIT-19

Among UOIT -1, UOIT -2, and UOIT -16 substitution of the allylic alcohol witt-BuPhSiO

(UOIT -2) shows the highest increase in percent inhibition compared to codeine (91% vs. 23%).

Previous studies reveal that residue adjacent to 6 position is lysine (REB3).
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Compound Affinity (kcal/mol) *

UOIT2 0.3

*Obtained from docking

Figure IV.2 Docking model of UOIT-2 and MOR. The pication interaction between Lysine
(K233) and the aromatic ring in UO is shown as a dotted line.

Even though the docking is not agically proven, it provides a starting point when investigating
ligand-receptor interactions. The docking model proposes a binding nwikieh may support
hypotheses and datibtained duringpiological studies. The delta G given as the output from
docking is an approximatigrand Itis not comparable to the actual delta G, which would be shown
through experimental determination. If a compound cannot be docked or has a very high delta G,
the probability of its binding is not high. However, this does narmmtecannot bind,; it just means

it may not be spontaneous.

The amine in the lysine side chain gets protonated and forming -gatioteractions with the

aromatic rings. We have verified that by the docking mode&l@IT -2 and MOR (Figure IV.2).
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The distince (4.185 A) from lysine (K233) demonstrates strorgfion interaction (Figure 1V.2).

In addition, UOIT -16 with three aromatic rings was docked with MOR (Figure 1V.3). Two
aromatic rings are in 4.42 and 5.26 A distance from Lysine (K233), whichrdessr strong pi
cation interaction (Figure IV.3). These twogdtion interactions compete with each other and
makeUOIT -16 unstable in the binding pocket and result in less percent inhibition compare to

UoOIT -2.

Compound Affinity (kcal/mol) *

UOIT16 3.6

*Obtained from docking

Figure 1V.3 Docking model of UOIT-16 and MOR. The pication interaction between Lysine
(K233) and the aromatic ring in UOIT6 is shown as a dotted line.

Since thesubstitution of alcohol witlrBuPhSiO increases cteine inhibition activity, morphine
was modified in positions 3 and 6 usit@uPhSIiCl (UOIT-20) (Figure IV.4). Inhibition

percentage values indicate that if the modifications are in positions 3 and 6, activity decreases from
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99% to 62% (Figure 1V.4). Thiresult ties well with previous studies wherein the free phenolic
hydroxyl group enhances activiyf®! This increase in activity is due to the fact that histidine

residue (H297) in MOR binding pocket form hydrog®mnding via two water molecules to the

phenolic hydroxy/>®!

Morphine UOIT-20
%Inh. 99 %Inh. 62

Figure IV.4 Inhibition of [ 3H] diprenorphine binding by UOIT -20

To expand our research on position 6 modificatid®IT -30 was prepared from norcodeine.
Codeine has a piperidine like ring struetwith tertiary nitrogen. From codeine, which bears a
tertiary amine showed 23% inhibition, while norcodeine, bearing secondary amine, showed 33%
inhibition. Therefore, it was expected to observe a 10% increasef@in-2 to UOIT -30(91%

to 101%). Radiogand competing binding assay result confirmed our hypothesid,)J@td-30

shows the highest percent inhibition (101%) compared to codeine and even mdRime

IV.5). This result highlights that even better binding inhibition percentage is achieeadusing

t-BuPhSi (or TBDPS) in the position 6 in combination with a secondary amine.
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VS

Norcodeine UOIT-30
% Inh. 33 %Inh. 101

Figure IV.5 Inhibition of [ 3H] diprenorphine binding by UOIT -30

Furthermore, the docking model OOIT -30 and MOR is in accordance thithe radioligand
competing binding assay (Figure 1V.6). Strong interactions W&iT -30 form in the binding
pocket which igpi-cationic interaction with K233 residue could explain high binding inhibition

percentage fodOIT -30.
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Compound Affinity (kcal/mol) *

UOIT30 -1.3

*Obtained from docking

Figure IV.6 Docking model of UOIT-30 and MOR. The pication interaction between
Lysine (K233) and aromatic ring in UOIT-30 is shown as a black dotted line.

To further explore the effect of thé&nogen substituent in combination with the substitution of the
allylic alcohol UOIT-17, UOIT-18, UOIT-25, and UOIT -27 were synthesized. Nitrogen
substituents were chosen based on Naloxone and Naltrexone scaffolds. Naltrexone is a medication
used to managalcohol or opioid dependence and contirsethylcyclopropyl Figure V..
Naloxone is a noselective and competitive opioid receptor antagonist tmeabioid overdose,

and nitrogen in its structure is bound to an allyl gr¢figure 1IV.7).B Firstly, we compared the

results with codeine. Higher binding inhibition activity was observetVIT -17 andUOIT -18

when compared to codeine (65% & 92% vs. 23%) (Figure VUBIT -17 andUOIT -18 could

be compareavith UOIT -2. Radioligand competing bindiragsay showed that the replacement of
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an N-methyl group of tertiary amines witN-methylcyclopropyl had a negligible increase in

percent inhibition (91% vs. 92%) in the presencBaPhSiO in position 6 (Figur&/1.8).

Naloxone Naltrexone

Figure 1V.7 Naloxone and Naltrexone scaffold

On the other hand, the allyl group decreases the inhibition by tweafyercent. Since we
observed this decrease in activiQIT -25andUOIT -27 were synthesized to determine whether

the activity change wadue to the presence of the allyl group or bulkinessBiPhSIiO in
position 6. Radioligand binding assay results prove that an allyl group in combination with a less
bulky group such d8uMe;SiO in position 6 increases the percent inhibition from 65%QHT -

17 to 83% inUOIT -25. Moreover, if we compar&OIT -1 with (%Inh. 57) andJOIT -25 with

(%Inh. 83), a significant increase in activity was observed. It is important to note from these
preliminary results indicated that substituents in position 6 anditcsgen exhibit cumulative
effect. If theN-allyl group is chosen to repladémethyl group, modification in position 6 has to

be considered with a less bulky group sucl-BaMe:SiO. Alternatively,N-methylcyclopropyl

tolerates bulkier groups suchtaBuPhSiO in position 6.
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UOIT-17 UOIT-18 UOIT-25 UOIT-27

%Inh. 65 %Inh. 92 %1Inh. 83 %]Inh. 54

Figure V.8 Inhibition of [ 3H] diprenorphine binding by UOIT -17, UOIT-18, UOIT-25, and
UOIT -27

The addition of a halogen atom to the aromatic ring was investigated next. The bromination of
codeineand its derivatives was reported in Chapter Il. The next series of codeine derivates chosen
for radioligand binding assays contained bromide in the position 1 of the aromatic ring. Results
determined that all -bromocodeine derivatives have higher bindimdpibition percentage
compared to codeine excegOIT -9 with %Inh.13 (Figure IV.10)UOIT -9 exhibited a lower
binding inhibition percentage because the parent compd@id -8 was less active than codeine

(Figure 1V.10).
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Compound Affinity (kcal/mol) *

UOIT3 -4.3

*Obtained from docking

Figure IV.9 Docking model of UOIT-3 and MOR. The distance between Aspartic Acid
(D147) and Br is shown as a black dotted line.

These findings are in accordance with findings reported by Riley and colleag@ssl itf! They
have demonstrated that if thebond distance is less than 3 A, Br forms strong-hatno acid
interactiong!® As shown in Figure 1V.9, aspartic acid (D147) is in 2.785 A distance from Br. To
further elaborate on these results, eadbirdinocodeine derivative was compared to its-non

brominated starting material (Figure IV.12).
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UOIT3 UOIT-5 UOIT-4 UOIT-13
%]Inh. 38 %]Inh. 37 %]Inh. 72 %1Inh. 46

UOIT-9 UOIT-11 UOIT-24 UOIT-14
%Inh. 13 %Inh. 84 %Inh. 47 %Inh. 83

Figure IV.10 Inhibition of [ ®H] diprenorphine binding by UOIT -9, UOIT-11, UOIT-24, and
UOIT-14

For example, the bromination of deine increased the percentage inhibition of unsubstituted
codeine from %Inh. 23 to %Inh. 38 for tebtomocodeineOIT -3) (Figure IV.11). On the other

hand, the results obtained with codeine derivatives demonstrate a decrease in %lInh. The only
exceptionis UOIT -25, which shows a negligible increase by one percent (%Inh. 83 to %Inh. 84)

(Figure 1V.12). This is in line with the previous results.
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Results have shown that modification in position 6 WBUMe>SiO provide the platform for

further modificatiols in other positions without decreasing binding inhibition percentage.
Moreover, an increase in activity was observed when additional modifications were introduced in
the presence of TBDMSO, such as codeine (%Inh.23)EDId -1 (%Inh.57); UOIT -1 (%lnh.

57) andUOIT -25 (%Inh.83). Despite the fact that all codeine derivatives showed a decrease in
activity after brominationlJOIT -25 demonstrated a negligible increase in activity (%Inh. 84). In
contrast, as shown in Figure IV.12 introducing a halogen atomeimrbmatic ring of codeine
derivativesUOIT -9, UOIT -14, UOIT -4, UOIT -24, andUOIT -5 decreased inhibition binding
percentage by 8%, 14%, 15%, 45%, and 54% respectively. These results indicate that when a bulky
group such asBuPhSiO was present in the ptien 6, the introduction of bromide in the aromatic
region was less tolerated, and a significant decrease in activity was observed (45% vs 54%) (Figure
IV.12). As less bulky groups such BBuMe:SiO and phthalimide were introduced in position 6,

a moderte decrease was observed¥dand 14%6) (Figure 1V.15).

Codeine UOIT-3
% Inh. 23 %Inh. 38

Figure IV.11 Inhibition of [ 3H] diprenorphine binding by UOIT -3
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UOIT-8 UOIT-9
UOIT-25 UOIT-11 %Inh. 21 %Inh. 13
%]Inh. 83 %]Inh. 84
0 vs. © :
(0] [e)
UOIT-19 UOIT-14 !
%Inh. 97 %Inh. 83 : UOIT-1 0UOIT—4
%Inh. 57 7oInh. 72

UOIT-2 UOIT-5
UOIT-18 UOIT-24 %]Inh. 91 %Inh. 37

%Inh. 92 %Inh. 47

Figure IV.12 Inhibition of [ ®H] diprenorphine binding by 1-bromocodeine derivatives
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The effect of opioid dimers on binding inhibition was investigated next. Three opioid dimers were
synthesized and submitted for radioligand binding assays. Bismorph®id {7) shows sixty

nine percent inhibition (Figure IV.16). Thwesence of three silyl protecting group8(MexSi)
onUOIT -28resulted in lower activity compared to bismorphine A from 69% to 32%. On the other
hand, when the protecting group was changed-BaPhSi, the dimer binding inhibition
percentage increasdyy 12%. Thereforegationpi interactions between the aromatic rings and

lysine (K233) in the binding pocket may be considered to be the reason for the increase in

activity [°lel
wOTBDMS .OTBDPS
—N —N
0 0o
o OTBDMS TBOPSO OTBDPS
o} o
N— | N—
TBDMSO'" TBDPSO'"
UOIT-7 UOIT-28 UOIT-29
%Inh. 69 %Inh. 32 %Inh. 81

Figure 1V.13 Inhibition of [ 3H] diprenor phine binding by UOIT-7, UOIT-28, and UOIT-29

Our initial goal was the modification in position 6 to determine how those changes alter the
pharmacology of the compounddOIT -1, UOIT -2, and UOIT -30 were chosen for further
binding and functional assays. &tmalfmaximal inhibitory concentration (ko) and inhibition
constant (K were measured fddOIT -1, UOIT -2, andUOIT -30 (Figure 1V.14). Analogues

UOIT -2 andUOIT -30 showed a high affinity for MOR (0.35 and 0.46 pM, respectively) (Table
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IV.1). On the otler hand,UOIT -1 had a low affinity for MOR (K> 1 uM) (Table 1V.1). The
presence of bulkier substituentBuPhSiO) in position 6 dramatically increased affinities for

MOR.

Inhibition (%)
Inhibition (%)

Compound Name ICs Ki nw Compound Name

® UOIT1 (1214847) 478 M 1.94 M 077 ® UOIT2 (1214848) 087 pM 035pM
W DAMGO 14.10M 5720M 075 W DAMGO 14.10M 5720M 075

Inhibition (%)

® UOIT-30 (1229815) 1.14pM 046 M 096
M DAMGO 0031 M 1250M oz

Figure 1V.14 Response curve of UOITL, UOIT-2, and UOIT-30
(ICsovalues were determined by a rlamear, least squares regression analysis using MathlQTM

(ID Business Solutions Ltd., UK). Where inhibition constanty @fe presented, the; Kalues

were calculated using the equation of Cheng andd® using the observed d6€of the tested
compound, the concentration of radioligand employed in the assay, and the historical values for
the Ko of the ligand (obtained experimentally at Eurofins Panlabs, Inc.). The Hill coefficignt (n
defining the kpe of the competitive binding curve, was calculated using MathIQTM.

In the next step, derivatives modified in the position 6 in combination with various nitrogen
substituents were tested (Figure IV.15). All analoglSIT -17, UOIT -18, UOIT -25) in this
category showed high affinity for MOR (Ki <1 uM) (Table IV.1OIT -18 demonstrated higher

potency (0.28 uM) when comparedW®IT -17 andUOIT -25 (0.94 and 0.80 uM respectively)
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(Table IV.1). WhileUOIT -2 demonstrated high affinity, itBl-methylcyclopropae derivative
UOIT -18 was even more activei& 0.35 pM forUOIT -2; ki = 0.28 uM forUOIT -18) (Table

IV.1).

Inhibition (%)
8
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= Compound Name IC K L)

Figure 1V.15 Response curve of UOITL7, UOIT-18, and UOIT-25, ICso values were
determined by a naelinear, least squares regression analysis using MathlIQTM (ID Business
Solutions Ltd., UK). Where inhibition constants(ldre presented, the Kalues were calculated
using the equation of Cheng and Prusoff using the obsersedithe tested compound, the
corcentration of radioligand employed in the assay, and the historical values fop thfettée
ligand (obtained experimentally at Eurofins Panlabs, Inc.). The Hill coefficightdefining the
slope of the competitive binding curve, was calculated usirit)KQaM.

In addition, UOIT -4 with modification in position 6 along with brominated aromatic ring

(%Inh.72), showed low affinity with &1 (Table IV.1). Although it is difficult to judge structure
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activity relationships based on simple screening, prelirpiobservations show that this structural
modification decreasddOIT -4 affinity for MOR. UOIT -7 andUOIT -29were tested next (Figure
IV.16). Bismorphine JOIT -7) showed higher affinity compare @OIT -29 (Table 1V.1). Even
though we observed thaBuPhSIO groups increase affinity for monomers, dimers did not follow

the same trend.

Inhibition (%)
Inhibition (%)

o2 1es0 2
ncentration (UM 2 bt = o
Concentration (M) 20 Concentration (uM)

Compound Name s K n= Compound Name iCx K
1250 55 22 @ UOITT (1214853 226 08

"e
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2]

w 3 /

0 ¥ !
2 0 /
E 50 E /
2 o /
= o o 4

i - . #:
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| L 0 .

’ = Con(entratton‘T;Mi o 0 H 0 H
N N \)'L N N__OH
Compound Name = K ne NH, H o) | o)

JOIT-29 (1229814 4T9pM 155 146 HO

e
© ¢
2

DAMGO

Figure IV.16 Response curve of UOIT4, UOIT-7, and UOIT-29, ICsovalues were determined
by a nonlinear, least squares regression asialyising MathlIQTM (ID Business Solutions Ltd.,
UK). Where inhibition constants (Kare presented, the; Kalues were calculated using the
equation of Cheng and Prusoff using the observegldfdhe tested compound, the concentration
of radioligand emplged in the assay, and the historical values for th@fthe ligand (obtained
experimentally at Eurofins Panlabs, Inc.). The Hill coefficieni),(mefining the slope of the
competitive binding curve, was calculated using MathlQTM.
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We next investigatedhe agonist or antagonist activities usingt8] GTPo2S bi ndi ng as
assay measures GDP/GTP exchange that occurs atghaté€n to quantify receptor activation.

Neither of the compounds acted as agonists in1®][GTPoS bindi ng adessays
IV.1). In contrast, all analogues acted as antagonists. Althd@df -2 had a higher affinity than

UOIT -30, UOIT -30 with EC50 = 0.15 uM in the functional assay was a more potent MOR
antagonist (Table 1V.1). High antagonist potency was also depict&tOby-18 (EC50 = 0.22

MM) (Table IV.1). HoweverlJOIT -29 demonstrated higher antagonist potency for MOR (EC50=

0.85 uM) compared toJOIT -7 (Table IV.1).

Table IV.1 Opioid binding affinities and in vitro antagonist potency and efficacy

Binding Adenylate cyclase GTPOS
Compound

I1Cs0 Ki ECso Emax EGCso Emax

(M) (M) (HM) (%) (HM) (%)
UOIT-1 4.78 1.94 <1.00 84 6.00 52
UOIT-2 0.87 0.35 0.53 76 5.30 53
UOIT-30 1.14 0.46 0.15 67 3.66 73
UOIT-17 2.30 0.94 0.98 78 ND ND
UOIT-18 0.68 0.28 0.22 65 ND ND
UOIT-25 1.98 0.80 0.30 50 ND ND
UOIT-4 5.51 2.24 4.55 74 ND 20
UoOIT-7 2.26 0.92 <1.00 91 11.00 51
UOIT-29 4.79 1.95 0.85 82 ND ND
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V.3 Experimental procedure

All reactions were performed under the atmosphere of nitrogen. Reagents and materials were
obtained from commeral sources without further purification unless otherwise stated. Reaction
progress wa monitored by TLC on gladssacked si l i ca gel (60 i, 2
indicator) with visualization under 254 nm ultraviolet light and staining by potassium
permanganate (KMnf) . NMR data was <collected at 25
spectrometein deuterated solvents (CDCind MeOD were obtained from Cambridge Isotope
Laboratories, Inc., Andover, MA, USAJH and*3C[*H] were collected at 400 and 100 MHz,
respectively, with chemical shifts expressed as ppm. NMR spectra were obtained usikgra Br
Ascend 400 spectrometer, in CR@ith tetramethylsilane (TMS) as the internal standard. The
chemical shifts were reported in parts per mi
(TMS) as an internal standard. The coupling consthate quoted in Hertz (Hz). NMR data was
processed using Bruker TopSpin 4.0.5.-IRT spectra were recorded on a Bruker ALRRA
spectrometer using a platinum ATR with a diamond ATR crystal. Spectra are reported in terms of
frequency of absorption (cih) and only partial data is provided. IR speetere processed with

OPUS Spectroscopy software (Version 7.5, Bruker Optik, GmbH). -Aaied flash
chromatography was conducted using a Biotage Isolera flash chromatography system using silica
gel (60 A, low acidity, obtained from SiliCycle, Quebec City¢,QCanada) and reagent grade

solvents. Structures were drawn with ChemDraw Professional 17.1.
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(4aR,7S,7aR,12bS)-methoxy3-methyt7-((triphenylsilyl)oxy) 2,3,4,4a,7,7ehexahydre 1H-
4,12methanobenzofuro[3,2]isoquinoline(UOIT -16).

UOIT -16was prepared following literature procedft&JOIT -16was isolated as a white powder
0.3504 g, 75% yield)*H NMR (400MHz , MeOHdy) U = 7.74- 7.65 (m, 3 H, SPh)), 7.64-

7.51 (m, 3 H, SPhY), 7.46- 7.18 (m, 9 H, SPh)), 6.69- 6.62 (m, 1 H), 6.55 6.45 (m, 1 H),
5.72-5.61 (m, 1 H), 5.20 (td] = 2.5, 9.8 Hz, 1 H), 4.484.36 (m, 1 H), 3.84 (s, 3 H,M¥), 3.26
(dd,J=3.2,5.9 Hz, 1 H), 3.08 2.90 (m, 1 H), 2.5:2.42 (m, 2 H), 2.422.37 (m, 1 H), 2.34 (s,

3 H, NMe), 1.81- 1.69 (m, 1 H), 1.58 (ddl= 1.8, 12.8 Hz, 1 H}:3C NMR (101MHz, MeOHd,)
u=147.7,147.3,142.1,142.0, 136.1, 135.3, 135.0, 134.8, 134.7,132.2,132.7, 130.8, 130.7,

130.0, 129.5, 128.1, 127.8, 127.7, 127.6, 127.5, 127.4, 127.1, 127.0, 119.0, 118.8, 115.0, 113.8,
91.8,91.4, 68.8, 66.8, 58.8, 58.7, 56.6, 55.9, 48.3, 48.1, 47.9, 47.7, 47.5, 47.3, 47.1\#p.0 (N
43.0 (Me), 42.8, 41.7, 48, 40.1, 39.8, 35.0, 34.8, 20.3, 20.3, 18.4, 13.0. HRMS calcd. for

CaeH3sNO3Si. [M+1]* 557.7535 found 558.2459.
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(4aR,7S,7aR,12bS3-allyl -7-((tert-butyldiphenylsilyl)oxy) -9-methoxy-2,3,4,4a,7,7a
hexahydro-1H-4,12methanobenzofuro[3,2e]isoquinoline (UOIT-17)

] H
g™~ ¢

7«

UOIT-17 was prepared following literature proced{#é. UOIT -17 was isolated as a white
powder 0.1706 g, 98% yield)d NMR (400MHz, CDC4) i = 7.81 (ddJ = 1.5, 7.8 Hz, 2 H,
Si(Phy'Bu), 7.68 (dd,) = 1.3, 7.9Hz, 2 H, SiPhy'Bu), 7.47- 7.30 (m, 6 H, SRhyBU), 6.66 (dd,
J=3.1,8.2 Hz, 1 H), 6.47 (d,= 8.1 Hz, 1 H), 5.82 (dd] = 10.3, 17.1 Hz, 1 H), 5.745.64 (m,

1 H), 4.45 (ddJ = 1.0, 5.9 Hz, 1 H), 4.20 (dd,= 3.1, 5.7 Hz, 1 H), 3.94 (s, 3 HM®), 3.84 (s, 1

H), 3.37 (ddJ = 3.2, 6.1 Hz, 1 H), 3.233.06 (M, 2 H), 3.022.84 (m, 2 H), 2.712.53 (m, 2 H),
2.44-2.38 (m, 1 H), 2.382.18 (m, 2 H), 1.921.65 (m, 2 H), 1.20 (d] = 6.1 Hz, 1 H), 1.11 (s,

9 H, SiPhy'Bu). *C NMR (126MHz, MeOH-ds) d = 135.9, 135.8, 135.5, 134.9, 134.7, 134.6,
132.2, 131.0, 129.0, 127.3, 127.1, 67.7, 48.1, 48.0, 47.9, 47.8, 47.7, 47.6, 47.5, 47.4, 47.2, 47.1,

46.6 (N\Me), 46.1, 45.9 (™e), 38.8, 30.2, 28.7, 25.7, 25.2, 23.5, 22.6, 18.4, 18.4, 13.0.
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(4aR,7S,7&,12bS)}7,9-bis((tert-butyldiphenylsilyl)oxy) -3-methyl-2,3,4,4a,7,7ehexahydro-

1H-4,12methanobenzofuro[3,2elisoquinoline (UOIT-20)

TBDPSO"

UOIT -20was prepared following literature procediit&JOIT -20was isolated as a whipowder

0.1176 g, 44% vyieldH NMR (400MHz , MeOHd,) U= 7.90- 7.73 (m, 8 H, SPhyBu), 7.45-

7.38 (m, 12 H, SRhy'Bu), 6.31 (d,J = 8.3 Hz, 1 H), 6.24 (d] = 8.3 Hz, 1 H), 5.885.81 (m, 1

H), 5.26 (tdJ= 2.9, 9.7 Hz, 1 H), 4.59 (dd,= 1.3,5.7 Hz, 1 H), 4.30 (dd] = 3.2, 5.6 Hz, 1 H),

3.64 (d,J=3.2 Hz, 1 H), 3.082.99 (m, 1 H), 2.82 (d] = 3.7 Hz, 1 H), 2.722.65 (m, 1 H), 2.63

(s, 3H, NVle), 2.58-2.47 (m, 1 H), 1.92 (d] = 4.9 Hz, 1 H), 1.791.71 (m, 1 H), 1.131.04 (m,

18 H, Si(Phy'Bu). 13C NMR (101MHz, MeOHds) U = 149.7, 137.7, 135.7, 135.6, 135.5, 135.4,
134.5, 133.6, 133.2, 133.2, 129.7, 129.6, 129.6, 129.0, 127.4, 127.4, 127.3, 127.2, 118.2, 91.5,
69.5, 48.3, 48.2, 48.1, 48.0, 47.8, 47.6, 47.4, 47.2, 46 B&)M 3.0, 40.9, 28.9, 26.1, 26.0, 25.7,

18.7. HRMScalcd. for GoHssNOsSio. [M+1]* 762.1369 found 762.3792.
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(4aR,7S,7aR,12bS$-methoxy2,3,4,4a,7,7ehexahydro1H-4,12methanobenzofuro[3,2
elisoquinolin-7-ol (UOIT -22).

UOIT -22was prepared following literature proead!? UOIT -22was isolated as a white powder
3.0020 g, 95% yield):H NMR (400MHz , MeOHds) &i = 6.81 (d,J = 8.1 Hz, 1 H), 6.67 (d] =
8.3 Hz, 1 H), 5.79 (s, 1 H), 5.37 (s, 1 H), 4.93 (@d,1.2, 6.1 Hz, 1 H), 4.25 (dd,= 2.7, 5.9 Hz,

2 H), 3.86 (s, 3 H, ®le), 3.19- 2.96 (M, 4 H), 2.862.78 (m, 1 H), 2.24 (dt] = 5.0, 13.5 Hz, 1
H), 2.12(dd, J = 2.8, 14.1 Hz, 1 H). HRMS calcd. forifBl1NOs. [M+1]* 285.3376 found

286.1449.

100



(4aR,7S,7aR,12bS3-allyl-7-((tert-butyldimethylsilyl)oxy}9-methoxy2,3,4,4a,7,7a
hexahydre1H-4,12methanobenzofuro[3,z2]isoquinoline(UOIT -25).

UOIT -25 was prepared following a literature procedd#8. UOIT -25 was isolated as a white
powder 0.0554 g, 82% vieldd NMR (400MHz, CDC4) ii= 6.67 (d,J = 8.1 Hz, 1 H), 6.52 (d,
J=8.3 Hz, 1 H), 6.075.95 (m, 1 H), 5.69 (d] = 10.0 Hz, 1 H), 5.435.32 (m, 2 H), 5.22 (td]
=2.6,9.9 Hz, 1 H), 4.77 (d,= 6.4 Hz, 1 H), 4.324.17 (m, 1 H), 3.95 (dd = 3.2, 6.4 Hz, 1 H),
3.87 (s, 3H, OMe), 3.63 (ddJ = 6.4, 13.2 Hz, 1 H), 3.48 (dd= 7.6, 13.0 Hz, 1 H), 2.99 (d,=

19.8 Hz, 1 H), 2.67 2.52 (m, 2 H), 2.30 (dt] = 4.8, 13.1 Hz, 1 H), 2.252.20 (m, 2 H), 2.04

1.98 (m, 1 H), 1.961.89 (m, 1 H), 0.950.88 (m, 1 H), 0.20 (£ H,'BuMe), 0.06 (s, 6 HBUMe

). ¥C NMR (101 MHz, CDQ) Ui ppm 21.02, 25.65, 25.89, 37.41, 37.95, 57.23, 57.75, 71.56,

76.70, 77.02, 77.22, 77.34, 82.88, 92.01, 114.22, 121.58, 130.37, 133.62.
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(4aR,7S,7aR,12bS3-allyl-9-methoxy 7-((trimethylsilyl)oxy) 2,3,4,4a,7, 7éhexahydre 1H-
4,12methanobenzofuro[3,2)isoquinoline (UOIT-27)

>S|i\o\\.
UOIT -27 was prepared following a literature proced@¥g. UOIT -27 was isolated as a white
powder 0.0463 g, 54% yieldd NMR (400MHz , CDCJ) li= 6.67- 6.56 (m, 1 H), 6.48 (d] =
8.3 Hz, 1 H)5.89 (br. s., 1 H), 5.64 (d,= 9.8 Hz, 1 H), 5.325.14 (m, 3 H), 4.70 (d] = 5.9 Hz,
1 H), 4.24 (ddJ = 2.7, 5.6 Hz, 1 H), 3.84 (s, 3 HM®), 3.48 (br. s., 1 H), 3.20 (br. s., 2 H), 3.03
-2.89 (m, 1 H), 2.67 (br. s., 2 H), 2.42.22 (m, 2 H), 2.8 (br. s., 1 H), 1.86 (dl = 12.2 Hz, 1
H), 0.18 (s, 9 HMes). °C NMR (101MHz, CDQ) U = 146.3, 133.4, 119.6, 112.9, 103.6, 91.4,

77.3,77.2,77.0, 76.7, 66.4, 58.2, 56.4, 56.3, 44Md)043.4, 21.1.
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UOIT -28
~OTBDMS

TBDMSO'"

UOIT -28 was prepared following a literature proceddtéH NMR (400MHz ,DMSQds) U =
6.44- 6.35 (M, 2 H), 5.655.51 (M, 2 H), 5.405.27 (m, 2 H), 4.68 (dd = 5.1, 16.9 Hz, 2 H),
4.32 (br. s., 2 H), 4.15 (br. s., 1 H), 4.04 (s, 6 H), 2.88 &l17.4 Hz, 3 H), 2.702.64 (m, 1 H),
2.59 (d,J = 18.3 Hz, 2 H), 2.392.23 (m, 9 H), 2.121.95 (m, 3 H), 1.55 (d] = 12.2 Hz, 3 H),
1.29-1.18 (m, 2 H), 0.9D.89 (m, 27 H'BuMe), 0.20 (br. s, 2 H), 0.140.11 (m, 18 H!BuMe).

HRMS calcd. for G2H7eN206Sis. [M+1]* 911.4420 found 911.5233.
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uoIT -29

~OTBDPS
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[¢
TBDPSO OTBDPS
C
N\

TBDPSO'"

UOIT -29 was prepared following a literature proceddirdJOIT -29 was isolated as a white
powder 0.0300g, 50% vyieldH NMR (400MHz ,DMSQde) Ui = 7.96 (m, 4 H'BuPh), 7.69 (d,
J=3.7 Hz, 14 H'BuPh), 7.41- 7.37 (m, 20 H'BuPhy), 7.13 (s, 2 H!BuPh), 6.39 (s, 2 H), 5.69
(d,J=10.0 Hz, 2 H), 5.29 (dl = 8.8 Hz, 2 H), 4.86 (d] = 5.9 Hz, 2 H), 4.17 (br. s., 2 H), 3.92
(br. s., 3 H), 3.18 2.97 (m, 8 H), 2.89 (s, 6 H), 2.82.72 (m, 18 H), 2.722.57 (m, 4 H), 2.30
(br. s., 3 H), 1.89 (d] = 13.0 Hz, 3 H), 0.96 (s, 36 KBUPh). 13C NMR (126MHz, DMSGds) i
=136.8, 134.9, 129.6, 127.9, 114.8, 112.8, 103.6, 90.3, 82.7, 82.2, 75.7, 68.8, 50.8M&},9 (N

42.7, 40.5, 40.4, 40.3, 40.2, 40.1, 40.0, 39.8, 39.6, 39.5, 33.3, 32.9, 27.0, 19.1, 17.6, 9.4, 4.2.
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(4aR,7S,7aR,12bS)-((tert-butyldiphenylsilyl)oxy)9-methoxy2,3,4,4a,7, 7ehexahydro 1H-
4,12methanobenzofuro[3,2]isoquinoline(UOIT -30).

TBDPSO"

UOIT -30 was prepared following a literature proceddkeJOIT-30 was isolated as a white
powder 0.0334g, 18% vyield}H NMR (400MHz , MeOHds) Ui = 7.94- 7.79 (m, 2 H!BuPh),
7.79- 7.61 (m, 2 H!BuPh), 7.51- 7.33 (m, 6 H'BUPh), 6.71 (dJ = 8.3 Hz, 1 H), 6.52 (d] =
8.1 Hz, 1 H), 5.74 5.66 (m, 1 H), 5.255.17 (m, 1 H), 4.45 (dd} = 1.2, 6.1 Hz, 1 H), 4.30 (dd,
J=3.4,5.9 Hz, 1 H)3.92 (s, 3 H, ®le), 3.61- 3.54 (m, 1 H), 2.922.72 (m, 4 H), 2.68 (s, 1 H),
2.50- 2.36 (m, 2 H), 1.78 1.64 (m, 2 H), 1.17 1.08 (m, 9 H!BuPh). **C NMR (101MHz ,
MeOH-ds) U= 135.6, 135.5, 133.7, 133.5, 133.1, 129.6, 127.6, 127.4, 127.3, 118.3, 92.3,
69.0, 56.8, 51.5, 48.3, 48.2, 48.0, 47.9, 47.8, 47.7, 47.6, 47.4, 47.2, 47.0M&,740.0, 35.4,

26.0, 18.8. HRMS calcd. forsgHs7NOsSi. [M+1]* 523.7372 found 524.2618.
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(4R,4aR,7S,7aR,12bS}allyl-9-methoxy2,3,4,4a,7, 7ehexahydro1H-4,12-
methanobenzofuro[3,2]isoquinolin-7-ol (20)

20was prepared following a literature proced@r@0was isolated as a white powder 0.1740g,
65% yield.'H NMR (400MHz , CDC) i= 6.66 (dJ= 8.3 Hz, 1 H), 6.56 (d] = 8.1 Hz, 1 H),
5.89 (ddJ = 10.3, 16.9 Hz, 1 H), 5.70 (tdd= 1.5, 2.9, 9.9 Hz, 1 H), 5.346.12 (m, 3 H), 4.89
(dd,J=1.2, 6.6 Hz, 1 H), 4.214.08 (m, 1 H), 3.84 (s, 3 H,M®), 3.48 (dd,J= 3.2, 6.1 Hz]

H), 3.24- 3.10 (m, 2 H), 3.01 (s, 1 H), 2.96 (s, 1 H), 2.88 (s, 1 H), 22764 (m, 2 H), 2.62 (s, 1
H), 2.46- 2.26 (m, 3 H), 2.181.94 (m, 1 H), 1.901.78 (m, 1 H)!3C NMR (126MHz ,MeOH
ds) U= 142.0, 132.6, 130.8, 128.0, 126.9, 118.9, 11419,8, 91.8, 66.7, 57.5, 56.4, 56.4, 55.9,
48.1,47.9,47.8,47.7,47.6,47.5,47.4,47.3,47.2,47.1, 47.0, 45.9, 44.3,M8)53D8, 34.8,

20.8.

106



IV.4 References

(1) Davies, S. G.; Goodwin, C. J.; Pyatt, D.; Smith, AJDChem. Soc. Perkin 2001, 1413.

(2) Shel'metsi, D. E.; Slavik, L.; Kashkete, Z. T.; Lilek, L. N. M.; Matskd?Harm. Chem. J.
1968 2, 302.

(3) Eliel, E. L.; Satici, HJ. Org. Chem1994 59, 688.

(4) Varadi, A.; Marrone, G. F.; Eans, S. O.; Ganno, M. L.; Subrath, J. JoUWaA®YV.; Hunkele,
A.; Pasternak, G. W.; McLaughlin, J. P.; MajumdarASS Chem. Neuros@015 6, 1813.

(5) Manglik, A.; Kruse, A. C.; Kobilka, T. S.; Thian, F. S.; Mathiesen, J. M.; Sunahara, R. K;
Pardo, L.; Weis, W. I.; Kobilka, B. K.; Granier, Sature.2012 485, 321.

(6) Huang, W.; Manglik, A.; Venkatakrishnan, A. J.; Laeremans, T.; Feinberg, E. N.; Sanborn, A.
L.; Kato, H. E.; Livingston, K. E.; Thorsen, T. S.; Kling, R. C.; Granier, S.; Gmeiner, P.; Husbands,
S. M.; Traynor, J. R.; Weis, W.; Steyaert, J.; Dror, R. O.; Kobilka, B. Kature.2015 524, 315.

(7) Mujoomdar, M.Naltrexone for the treatment of alcohol dependence a review of the clinical
and cost effectivenessCanadian Agency for Drugs and Technologies in Health: Ottawa, Ont
20009.

(8) Clark, B. RSouth. Med. J1976 69, 1389.

(9) Sirimulla, S.; Bailey, J. B.; Vegesna, R.; NarayanJMChem. Inf. ModeR013 53, 2781.

(10) Riley, K. E.; Hobza, RCryst. Growth Des2011, 11, 42724278

107



Chapter V

Conclusion and Future Direction

108



V. Conclusion and Future Direction

This dissertation's two main goals were: 1) Synthesis of new dimeric opioid analogues (specially
bismorphine A) as potential novel codeine derivatives that will not get metabolized by CYP2D6;
2) Synthesis of novel opioid analogues and determinafitimeir biological activities for MOR to
achieve a better understanding of ligapmdoid receptor interactionsia structural activity

relationship (SAR).

Due to the fact that codeine halogenation was the first step in our proposed synthetic plan for

bismorphine A, the development of novel protocol for the bromination of codeine was carried out.

In chapter Il, despite significant challenges encountered in the synthesis and purification of 1
bromocodeine and its derivatives, we presented the developmém ofiethodology for the
preparation of bromocodeine and its derivatives in good yields on a gram scale. The reaction has
a broad scope and occurs under mild conditions using a safe brominating agent NBA. To the best
of our knowledge, this is the firstactical procedure since 1925. We believe that this protocol is

a valuable synthetic tool for the bromination of alkaloids. In addition, the bromination of codeine
and its derivatives offer the platform for a series ofsékective functionalization retans such

as Suzuki, Sonogashira, Heck, Stille, and Kumada. Simsgbdtituted opioid analogues are
limited to eight compounds synthesized by Davies and colleagues in 2008, synthesizing novel 1
substituted opioid analogues would be essential in the dpield. Future directions include
synthesizing a variety of-tiromocodeine derivatives and subsequently performing coupling

reactions.
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The synthesis of natural product bismorphine A, a novel alkaloid extracted from opium in 2003,

has been described imapter Ill various coupling protocols such as Stille coupling, Suzuki
coupling, as well as homocoupling were attempted. It was observed that using potassium
ferricyanide and potassium hydroxide in water at room temperature, following the procedure
developd by Bentley and Dyke in 1959, yielded bismorphine. Our efforts toward synthesizing
natur al pori sdnoatp hl nENjA -bievmad phdi neh at bilsMoNj phi |
bismorphine (pseudomorphine) have the same structure. In literature reportsvihese still

being viewed as two different molecul es- We u:
bi smorphine ( bi sisnmomhne (pseedoro)phine)r WeZonliudie that carbon

carbon bond formation occurs at the22Nj posi t i am me ran-dissmarplRime 2 Nj
(pseudomorphine). In future, additional efforts can be made to provide additional proof of

bismorphine structureia single crystal formation and performance ofa¢ crystallography.

Chapter IV describes the preparation ofdes of novel opioid derivatives and their screening
results. Many of them have high affinity for the Mu Opioid Receptor. In addition, we have shown
that a chemical modification in the position six in combination with substituents on nitrogen of
codeine an lead to increased activity at the MOR. Our study revealed that all analogues act as
antagonists of MOR. Overall, UOI30, which exhibited the highest binding affinity percentage
(101%), showed the highest antagonist potency at MOR. Our work proviledheatools for

those working in the field of opioid chemistry, as tigBuPhSiO andt-BuMe:SiO in the position

6 with N-methyl substitution can be regarded as a good starting point for further investigation of

ligand-opioid interactions.
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In the futue, it would be worthwhile to determine the affinity of all compounds for DOR and KOR

to obtain the selectivity of these compounds for delta opioid receptors and kappa opioid receptors.
Furthermore, previous studies showed that opioid antagonists appear to Reducek i nsonods
medication's side effects and improve drugs' effectiveness for obesity. These novel opioid
antagonists can serve as a starting point for further research and investigation against diseases
mentioned above. It would also be interesting to perfbrochemical studies to reveal if these

codeine analogues will undergo enzymatic demethylation by CYP2D6, while maintaining modest

codeine level activity.
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Appendix A.

Al. List of Compounds
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Appendix B.

B1. Homology Modding and Computational Docking

The MOR from Mu Opioid Receptdgsi Protein Complex (PDB 6DDE) was used as a template in
MODELLER 9.14 in order to generate the MOR subunit (1). This template was chosen due to high
sequence similarity as determined by CliWtalignments (3).The most energetically favorable
models were determined both by their DOPE score and with PROCHECK Ramachandran plot
analysis. In addition, all models which did not fit expectations were excluded as well. USCF
Chimera 1.6.1 was used fimrodel analysis and molecular distance measurements (2).
1. Gal i, Andr ej , and Tom L. Bl undel | . “"Compa
spatial restraints.Journal of molecular biolog34.3 (1993): 77815.
2. Pettersen, Eric F., et al. "UCSF Chimaera visualization system for exploratory research
and analysis.Journal of computational chemist®p.13 (2004): 1604.612.
3. Larkin, Mark A., et al. "Clustal W and Clustal X version 2 fidinformatics23.21 (2007):
2947-2948.

Computational Docking

Ligand models were generated through ChemDraw based on the compounds synthesized.
AutoDock tools (4) were used to prepare molecules for hypothetical docking performed by
AutoDock Vina (5). ). The centre of the 25 x 25 x 50 A docking search box was placed in the
predicted area of the hypothetical agonist bi ding afeamaximum of 10 binding models all

within a range of 5 kcal-mdt from the best scoring pose were generated for each agonist.

4. Morris, Garrett M., et al. "AutoDock4 and AutoDockTools4: Automated docking with
selective receptor flexibility.Journal of computational chemist8p.16 (2009): 2785

2791.
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5. Trott, Oleg, andArthur J. Olson. "AutoDock Vina: improving the speed and accuracy of
docking with a new scoring function, efficient optimization, and multithreadiraurnal

of computational chemisti31.2 (2010): 455161.
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Appendix C.

C1. Crystal Data and Structure Rdinement for 1-bromocodeine

Table 1. Crystal data and structure refinement for d20101_a.

Identification code d20101_a

Empirical formula C36 H46 Br2 N2 09

Formula weight 810.57

Temperature 150(2) K

Wavelength 1.54178 A

Crystal system Monoclinic

Space group P2

Unit cell dimensions a=15.6821(5) A a=90°.
b =7.1334(2) A b= 105.660(2)°.
¢ =16.1315(5) A g=90°.

Volume 1737.59(9) &

4 2

Density (calculated) 1.549 Mg/nt

Absorption coefficient 3.447 mmt

F(000) 836

Crystal size 0.120 x 0.030 x @10 mn?

Theta range for data collection 2.845 to 68.629°.

Index ranges -18<=h<=17-8<=k<=8,-19<=I<=19

Reflections collected 38432

Independent reflections 6344 [R(int) = 0.1162]

Completeness to theta = 67.679° 99.9 %

Absorption correction Semiempiricalfrom equivalents

Max. and min. transmission 0.7531 and 0.6101

Refinement method Full-matrix leastsquares on#

Data / restraints / parameters 6344 /1 /446

Goodnessf-fit on P 1.033

Final R indices [I>2sigma(l)] R1 =0.0362, wR2 = 0.0807

R indices (aldata) R1 =0.0453, wR2 = 0.0845

Absolute structure parameter -0.018(9)

Extinction coefficient n/a

Largest diff. peak and hole 0.417 and0.726 e.A3
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Table 2. Atomic coordinates ( x“4Gnd equivalent isotropic displacement parametets 148)
for d20101_a. U(eq) is defined as one third of the trace of the orthogonalizedddr.

X y z U(eq)
Br(1A) 10026(1) 7528(1) 4616(1) 28(1)
O(1A) 6079(2) 6887(5) 3711(2) 23(1)
0(2A) 5005(3) 8530(6) 2268(3) 32(1)
0(3A) 6924(3) 9269(5) 5086(2) 29(1)
N(1A) 7981(3) 2073(6) 2493(3) 24(1)
C(1A) 6789(3) 4769(8) 2920(3) 21(1)
C(2A) 5914(3) 5815(8) 2895(3 21(1)
C(3A) 5615(3) 7161(8) 2126(4) 24(1)
C(4A) 6366(4) 7978(8) 1839(3) 24(1)
C(5A) 7057(4) 6940(8) 1797(3) 23(1)
C(6A) 7119(3) 4938(9) 2099(3) 21(1)
C(7A) 8061(4) 4099(8) 2329(4) 22(1)
C(8A) 7634(4) 1722(8) 3248(4) 27(1)
C(9A) 6751(4) 2699(8) 3147(4) 25(1)
C(10A) 8741(3) 5164(9) 3054(3) 24(1)
C(11A) 8339(4) 6042(8) 3716(3) 21(1)
C(12A) 8775(3) 7228(8) 4383(4) 24(1)
C(13A) 8343(4) 8251(8) 4876(4) 24(1)
C(14A) 7428(4) 8200(7) 4693(3) 20(1)
C(15A) 6979(3) 7004(8) 4037(3) 21(1)
C(16A) 7432(3) 5896(8) 3606(3) 20(1)
C(17A) 8814(4) 1043(9) 2608(4) 33(2)
C(18A) 7381(4) 10485(10) 5741(4) 38(2)
Br(1B) 1191(1) 91(1) 3475(1) 27(1)
O(1B) 4198(2) 2650(6) 2185(2) 26(1)
0(2B) 4450(3) 839(6) 814(3) 30(1)
0(3B) 4610(2) 558(6) 3762(2) 29(1)
N(1B) 1083(3) 5798(7) 1152(3) 26(1)
C(1B) 2766(4) 3916(8) 1445(4) 21(1)
C(2B) 3684(4) 3385(9) 1339(4) 27(1)
C(3B) 3645(4) 1919(8) 635(4) 26(1)
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C(4B)
C(5B)

C(6B)

C(7B)

C(8B)

C(9B)

C(10B)
C(11B)
C(12B)
C(13B)
C(14B)
C(15B)
C(16B)
C(17B)
C(18B)
O(1W)
0(2W)
O(3W)

2832(4)
2050(4)
1958(4)
1128(4)
1847(4)
2715(4)
1097(3)
1998(4)
2161(3)
3016(4)
3750(3)
3589(3)
2744(3)

244(4)
4747(4)
7378(3)
1003(3)
5669(3)

675(9)
1337(8)
3346(8)
3742(8)
6544(8)
6037(8)
2543(9)
2121(8)

959(8)

469(8)
1031(8)
2127(8)
2740(8)
6383(10)
-506(9)

967(6)
7372(7)
2161(7)

446(4)

462(4)

717(4)
1028(4)
1813(4)
1632(4)
1819(3)
2418(4)
3138(4)
3618(4)
3351(4)
2619(4)
2211(3)
1321(4)
4537(4)

757(3)
-499(3)

-23(3)

27(1)
25(1)
24(1)
24(1)
27(1)
27(1)
25(1)
24(1)
24(1)
24(1)
24(1)
23(1)
21(1)
32(2)
33(2)
34(1)
38(1)
44(1)
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Table 3. Bond lengths [A] and angles [] for d20101_a.

Br(1A)-C(12A) 1.907(5)
O(1A)-C(15A) 1.370(6)
O(1A)-C(2A) 1.484(6)
O(2A)-C(3A) 1.429(7)
O(2A)-H(20A) 0.8399
O(3A)-C(14A) 1.371(7)
O(3A)-C(18A) 1.406(7)
N(1A)-C(17A) 1.467(7)
N(1A)-C(7A) 1.481(7)
N(1A)-C(8A) 1.482(7)
C(1A)-C(16A) 1.511(7)
C(1A)-C(9A) 1.526(9)
C(1A)-C(6A) 1.551(7)
C(1A)-C(2A) 1.553(7)
C(2A)-C(3A) 1.539(8)
C(2A)-H(2AA) 1.0000
C(3A)-C(4A) 1.494(8)
C(3A)-H(3AA) 1.0000
C(4A)-C(5A) 1.329(8)
C(4A)-H(4AA) 0.9500
C(5A)-C(6A) 1.503(8)
C(5A)-H(5AA) 0.9500
C(6A)-C(7A) 1.545(7)
C(6A)-H(6AA) 1.0000
C(7A)-C(10A) 1.552(8)
C(7A)-H(7AA) 1.0000
C(8A)-C(9A) 1.520(8)
C(8A)-H(8AA) 0.9900
C(8A)-H(8AB) 0.9900
C(9A)-H(9AA) 0.9900
C(9A)-H(9AB) 0.9900
C(10AXC(11A) 1.516(8)
C(10AYH(10A) 0.9900
C(10A)-H(10B) 0.9900
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C(11A)C(16A)
C(11A)C(12A)
C(12A)C(13A)
C(13A)C(14A)
C(13AyH(13A)
C(14A)C(15A)
C(15A)C(16A)
C(17AYH(17A)
C(17AYH(17B)
C(17AYH(17C)
C(18A)H(18A)
C(18A)-H(18B)
C(18A)H(18C)
Br(1B)-C(12B)
O(1B)-C(15B)
O(1B)-C(2B)
O(2B)-C(3B)
O(2B)-H(20B)
O(3B)-C(14B)
O(3B)C(18B)
N(1B)-C(8B)
N(1B)-C(17B)
N(1B)-C(7B)
C(1B)-C(16B)
C(1B)-C(6B)
C(1B)-C(2B)
C(1B)-C(9B)
C(2B)-C(3B)
C(2B)}H(2BA)
C(3B)-C(4B)
C(3B)H(3BA)
C(4B)-C(5B)
C(4B)H(4BA)
C(5B)-C(6B)
C(5B)H(5BA)
C(6B)-C(7B)

1.388(8)
1.394(8)
1.384(8)
1.386(8)
0.9500
1.393(8)
1.371(8)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.903(6)
1.379(6)
1.481(7)
1.440(7)
0.8522
1.375(6)
1.429(7)
1.471(7)
1.473(7)
1.485(7)
1.501(8)
1.532(8)
1.543(8)
1.549(8)
1.533(9)
1.0000
1.515(8)
1.0000
1.321(8)
0.9500
1.508(8)
0.9500
1.542(8)
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C(6B)H(6BA)
C(7B)-C(10B)
C(7B)-H(7BA)
C(8B)-C(9B)
C(8B)H(8BA)
C(8B)H(8BB)
C(9B)H(9BA)
C(9B)H(9BB)
C(10B)C(11B)
C(10B)H(10C)
C(10B)H(10D)
C(11B)C(16B)
C(11B)C(12B)
C(12B)C(13B)
C(13B)C(14B)
C(13B)}H(13B)
C(14B)C(15B)
C(15B)C(16B)
C(17B)H(17D)
C(17B)H(17E)
C(17B)H(17F)
C(18B)H(18D)
C(18B)H(18E)
C(18B)H(18F)
O(1W)-H(1WA)
O(LW)H(1WB)
O(2W)-H(2WA)
O(2W)H(2WB)
O(3W)H(3WA)
O(3W)-H(3WB)

C(15A)0(1A)-C(2A)
C(3A)-O(2A)-H(20A)
C(14A)O(3A)-C(18A)
C(17AxN(1A)-C(7A)
C(17AxN(1A)-C(8A)

1.0000
1.548(8)
1.0000
1.510(8)
0.9900
0.9900
0.9900
0.9900
1.511(7)
0.9900
0.9900
1.373(8)
1.393(8)
1.399()
1.392(8)
0.9500
1.382(8)
1.382(8)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.8400
0.8400
0.8401
0.8400
0.8401
0.8400

106.6(4)
104.9

116.8(4)
113.3(5)
108.9(5)
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C(7A)-N(1A)-C(8A)
C(16A)-C(1A)-C(9A)
C(16A)-C(1A)-C(6A)
C(9A)-C(1A)-C(6A)
C(16A)C(1A)-C(2A)
C(9A)-C(1A)-C(2A)
C(6A)-C(1A)-C(2A)
O(1A)-C(2A)-C(3A)
O(1A)-C(2A)-C(1A)
C(3A)-C(2A)-C(1A)
O(1A)-C(2A)-H(2AA)
C(3A)-C(2A)-H(2AA)
C(1A)-C(2A)-H(2AA)
O(2A)-C(3A)-C(4A)
O(2A)-C(3A)-C(2A)
C(4A)-C(3A)-C(2A)
O(2A)-C(3A)-H(3AA)
C(4A)-C(3A)-H(3AA)
C(2A)-C(3A)-H(3AA)
C(5A)-C(4A)-C(3A)
C(5A)-C(4A)-H(4AA)
C(3A)-C(4A)-H(4AA)
C(4A)-C(5A)-C(6A)
C(4A)-C(5A)-H(5AA)
C(6A)-C(5A)-H(5AA)
C(5A)-C(6A)-C(7A)
C(5A)-C(6A)-C(1A)
C(7A)-C(6A)-C(1A)
C(5A)-C(6A)-H(6AA)
C(7A)-C(6A)-H(6AA)
C(1A)-C(6A)-H(6AA)
N(1A)-C(7A)-C(6A)
N(1A)-C(7A)-C(10A)
C(6A)-C(7A)-C(10A)
N(1A)-C(7A)-H(7AA)
C(6A)-C(7A)-H(7AA)

112.3(4)
113.7(4)
105.8(4)
108.9(4)
100.0(4)
112.3(4)
115.8(4)
109.6(4)
106.5(4)
113.3(4)
109.1
109.1
109.1
113.6(5)
111.7(4)
113.5(4)
105.7
105.7
105.7
121.3(5)
119.3
119.3
119.6(5)
120.2
120.2
114.8(5)
110.1(5)
106.4(4)
108.4
1084
108.4
107.4(4)
114.7(5)
114.2(5)
106.7
106.7
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C(10AX-C(7A)-H(7AA)
N(1A)-C(8A)-C(9A)
N(1A)-C(8A)-H(8AA)
C(9A)-C(8A)-H(8AA)
N(1A)-C(8A)-H(8AB)
C(9A)-C(8A)-H(8AB)
H(8AA)-C(8A)-H(8AB)
C(8A)-C(9A)-C(1A)
C(8A)-C(9A)-H(9AA)
C(1A)-C(9A)-H(9AA)
C(8A)-C(9A)-H(9AB)
C(1A)-C(9A)-H(9AB)
H(9AA)-C(9A)-H(9AB)
C(11A)-C(10A)-C(7A)
C(11A)-C(10A)H(10A)
C(7A)-C(10A)H(10A)
C(11A)-C(10A)-H(10B)
C(7A)-C(10A)-H(10B)
H(10A)-C(10A)-H(10B)
C(16A)-C(11A)C(12A)
C(16A)-C(11A)-C(10A)
C(12A)C(11A)-C(10A)
C(13A)C(12A)C(11A)
C(13A)-C(12A)Br(1A)
C(11A)-C(12A)Br(1A)
C(12A)C(13A)-C(14A)
C(12A)C(13A)H(13A)
C(14A)C(13A)H(13A)
O(3A)-C(14A)»C(13A)
O(3A)-C(14A)-C(15A)
C(13A)C(14A)-C(15A)
O(1A)-C(15A)-C(16A)
O(1A)-C(15A)-C(14A)
C(16A)-C(15A)-C(14A)
C(15A)-C(16A)-C(11A)
C(15A)-C(16A)-C(1A)

106.7
111.1(4)
109.4
109.4
109.4
109.4
108.0
112.0(5)
109.2
109.2
109.2
109.2
107.9
113.7(4)
108.8
108.8
108.8
108.8
107.7
114.7(5)
119.0(5)
125.7(5)
123.3(5)
117.7(4)
119.0(4)
120.2(5)
119.9
119.9
125.4(5)
117.1(5)
117.4(5)
113.1(5)
125.8(5)
120.9(5)
123.0(5)
110.0(5)
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C(11A)C(16A)-C(1A)
N(1A)-C(L7A\H(17A)
N(1A)-C(17A)\H(17B)

H(17A)-C(17A)\H(17B)

N(1A)-C(17A)\H(170)

H(17A)-C(17A)\H(17C)
H(17B)-C(17A)H(17C)

O(3A)-C(18A)-H(18A)
O(3A)-C(18A)-H(18B)

H(18A)-C(18A)H(18B)

O(3A)-C(18A)-H(18C)

H(18A)-C(18A)H(18C)
H(18B)-C(18A)-H(18C)

C(15B)}O(1B)-C(2B)
C(3B)-O(2B)-H(20B)
C(14B)O(3B)-C(18B)
C(8B)-N(1B)-C(17B)
C(8B)-N(1B)-C(7B)
C(17B)N(1B)-C(7B)
C(16B)C(1B)-C(6B)
C(16B)C(1B)-C(2B)
C(6B)-C(1B)-C(2B)
C(16B)C(1B)-C(9B)
C(6B)-C(1B)-C(9B)
C(2B)-C(1B)-C(9B)
O(1B)-C(2B)-C(3B)
O(1B)-C(2B)-C(1B)
C(3B)-C(2B)-C(1B)
O(1B)-C(2B)-H(2BA)
C(3B)-C(2B)}H(2BA)
C(1B)-C(2B)}H(2BA)
O(2B)-C(3B)-C(4B)
O(2B)-C(3B)-C(2B)
C(4B)-C(3B)-C(2B)
O(2B)-C(3B)-H(3BA)
C(4B)-C(3B)}H(3BA)

126.3(5)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
106.5(4)
114.0
116.6(4)
110.9(5)
113.3(5)
112.5(5)
106.6(4)
100.6(4)
116.9(5)
111.8(5)
109.5(5)
111.1(5)
110.1(5)
106.1(4)
113.5(5)
109.0
109.0
109.0
111.8(5)
111.1(5)
114.3(5)
106.4
106.4
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C(2B)-C(3B)-H(3BA) 106.4

C(5B)-C(4B)-C(3B) 121.5(6)
C(5B)-C(4B)H(4BA) 119.3
C(3B)C(4B)-H(4BA) 119.3
C(4B)-C(5B)-C(6B) 120.1(6)
C(4B)C(5B)-H(5BA) 119.9
C(6B)-C(5B)}H(5BA) 119.9
C(5B)-C(6B)-C(1B) 110.0(5)
C(5B)-C(6B)-C(7B) 114.4(5)
C(1B)C(6B)-C(7B) 107.3(5)
C(5B)-C(6B)}H(6BA) 108.3
C(1B)C(6B)-H(6BA) 108.3
C(7B)-C(6B)-H(6BA) 108.3
N(1B)-C(7B)-C(6B) 107.5(5)
N(1B)-C(7B)-C(10B) 114.9(5)
C(6B)-C(7B)-C(10B) 112.6(5)
N(1B)-C(7B)}H(7BA) 107.2
C(6B)-C(7B)-H(7BA) 107.2
C(10B)C(7B)-H(7BA) 107.2
N(1B)-C(8B)-C(9B) 112.0(5)
N(1B)-C(8B)-H(8BA) 109.2
C(9B)-C(8B)H(8BA) 109.2
N(1B)-C(8B)-H(8BB) 109.2
C(9B)-C(8B)-H(8BB) 109.2
H(8BA)-C(8B)-H(8BB) 107.9
C(8B)-C(9B)-C(1B) 111.6(5)
C(8B)-C(9B)}H(9BA) 109.3
C(1B)C(9B)-H(9BA) 109.3
C(8B)-C(9B)H(9BB) 109.3
C(1B)-C(9B)-H(9BB) 109.3
H(9BA)-C(9B)-H(9BB) 108.0
C(11B)}C(10B)}C(7B) 113.8(5)
C(11B)C(10B)H(10C) 108.8
C(7B)-C(10B)}H(10C) 108.8
C(11B)C(10B)H(10D) 108.8
C(7B)-C(10B)}H(10D) 108.8

128



H(10C)C(10B)H(10D) 107.7

C(16B)C(11B)}C(12B) 114.6(5)
C(16B)C(11B)}C(10B) 119.5(5)
C(12B)C(11B)}C(10B) 125.5(5)
C(11B)C(12B)}C(13B) 122.9(5)
C(11B)C(12B)Br(1B) 119.5(4)
C(13B)C(12B)Br(1B) 117.6(4)
C(14B)C(13B)}C(12B) 120.3(5)
C(14B)C(13B)H(13B) 119.8
C(12B)C(13B)-H(13B) 119.8
O(3B)-C(14B)C(15B) 118.7(5)
O(3B)-C(14B)C(13B) 124.5(5)
C(15B)C(14B)}C(13B) 116.9(5)
O(1B)-C(15B)-C(16B) 112.3(5)
O(1B)C(15B)-C(14B) 126.6(5)
C(16B)C(15B)}C(14B) 121.1(5)
C(11B)C(16B)C(15B) 123.6(5)
C(11B)C(16B)C(1B) 126.1(5)
C(15B)-C(16B)C(1B) 109.7(5)
N(1B)-C(17B)}H(17D) 109.5
N(1B)-C(17B)}H(17E) 109.5
H(17D)-C(17B)H(17E) 109.5
N(1B)-C(17B)}H(17F) 109.5
H(17D)}-C(17B)yH(17F) 109.5
H(17E)}C(17B)yH(17F) 109.5
O(3B)-C(18B)H(18D) 109.5
O(3B)-C(18B)H(18E) 109.5
H(18D)-C(18B)H(18E) 109.5
O(3B)-C(18B)H(18F) 109.5
H(18D)-C(18B)H(18F) 109.5
H(18E)C(18B)H(18F) 109.5
H(1WA)-O(1W)H(1WB) 92.6

H(2WA)-O2W)H(2WB)  101.6
H(BWA)-O(BW)H(3WB)  123.1

Symmetry transformations usemlgenerate equivalent atoms:
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Table 4. Anisotropic displacement parameterdx (#0°) for d20101_a. The anisotropic

displacement factor exponent takes the for@p? h? a*2Ull+ ... + 2 h k a* b* U?2]

Ull U22 U33 U23 U13 U12
Br(1A)  20(1) 28(1) 34(1) 0(1) 3(1) -3(1)
O(1A)  22(2) 27(2) 22(2) -4(2) 6(2) 0(2)
O(A)  30(2) 35(2) 30(2) 02) 6(2) 9(2)
O(3A)  31(2) 31(2) 24(2) -9(2) 6(2) 2(2)
N(1A)  27(2) 19(3) 25(3) 1(2) 42) 4(2)
C(1A)  20(2) 20(3) 21(3) 0(3) 3(2) 2(2)
cA)  21(3) 21(3) 20(3) -3(2) 6(2) -3(2)
CBA)  25(3) 23(3) 21(3) -4(3) 2(2) 2(2)
C4A)  30(3) 19(3) 21(3) 02) 5(2) -3(2)
CGA)  27(3) 25(3) 18(3) 2(2) 5(2) 2(2)
C(6A)  28(3) 16(3) 19(3) -2(3) 5(2) 1(3)
C(7A)  28(3) 18(3) 19(3) 1(2) 6(2) 1(2)
C(8A)  31(3) 22(3) 27(3) 4(3) 6(2) 0(2)
C(OA)  30(3) 19(3) 28(3) 1(3) 10(2) -3(3)
C(10A)  20(2) 24(3) 27(3) -2(3) 7(2) 1(2)
C(11A)  29(3) 15(3) 18(3) 0(2) 3(2) 1(2)
C(12A)  21(3) 23(3) 25(3) 7(3) 2(2) 1(2)
C(13A)  25(3) 23(3) 22(3) 1(2) 2(2) -4(2)
C(14A)  25(3) 19(3) 18(3) 2(2) 6(2) 1(2)
C(15A)  19(3) 24(3) 19(3) 1(2) 5(2) 2(2)
C(16A)  23(3) 17(3) 17(3) 1(2) 3(2) 1(2)
C(17A)  31(3) 27(3) 37(4) 1(3) 4(3) 4(3)
C(18A)  40(4) 40(4) 31(4) -16(3) 3(3) 2(3)
Br(1B)  25(1) 29(1) 30(1) 4(1) 10(1) -1(1)
O(1B)  22(2) 31(2) 25(2) 4(2) 7(2) -3(2)
O(2B)  26(2) 37(2) 30(2) 8(2) 13(2) 8(2)
0O@3B)  23(2) 39(3) 24(2) 7(2) 3(2) 4(2)
N(1B)  29(3) 20(2) 27(3) 1(2) 6(2) 4(2)
c@B)  21(3) 17(3) 26(3) 4(2) 8(2) -3(2)
Cc2B)  23(3) 29(3) 28(3) 4(3) 7(2) 2(2)
Cc(3B)  31(3) 24(3) 26(3) 7(3) 11(2) 5(2)
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C(4B)
C(5B)

C(6B)

C(7B)

C(8B)

C(9B)

C(10B)
C(11B)
C(12B)
C(13B)
C(14B)
C(15B)
C(16B)
C(17B)
C(18B)
O(1W)
0(2W)
O(3W)

29(3)
29(3)
26(3)
26(3)
33(3)
33(3)
20(2)
25(3)
24(3)
29(3)
19(3)
24(3)
23(2)
29(3)
23(3)
34(2)
37(2)
34(2)

24(3)
17(3)
21(3)
20(3)
21(3)
19(3)
28(3)
20(3)
23(3)
24(3)
28(3)
25(3)
18(3)
38(4)
45(4)
39(3)
42(3)
54(3)

28(3)
29(3)
25(3)
24(3)
26(3)
26(3)
28(3)
27(3)
25(3)
20(3)
26(3)
21(3)
23(3)
31(4)
27(3)
31(2)
34(2)
44(3)

0(3)
0(3)
1(2)
1(2)
0(3)
2(3)
6(3)
0(2)
1(3)
3(2)
2(3)
4(2)
0(2)
0(3)
8(3)
-8(2)
7(2)
14(2)

6(3)
6(3)
8(2)
5(2)
8(3)
4(3)
7(2)
5(2)
10(2)
8(2)
6(2)
8(2)
7(2)
8(3)
3(2)
13(2)
8(2)
14(2)

0(2)
-4(2)
2(2)
2(2)
2(3)
1(3)
4(3)
2(2)
4(2)
0(2)
2(2)
-5(2)
-4(2)
6(3)
5(3)
0(2)
10(2)
-1(2)
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Table 5. Hydrogen coordinates ( x)L&nd isotropic displacement parameter(£0 3)

for d20101_a.

X y z U(eq)
H(20A) 5246 8977 2756 48
H(2AA) 5436 4873 2873 25
H(3AA) 5274 6376 1634 29
H(4AA) 6349 9264 1683 29
H(5AA) 7510 7461 1578 28
H(6AA) 6728 4154 1636 26
H(7AA) 8275 4200 1800 26
H(8AA) 8066 2182 3775 32
H(8AB) 7559 356 3312 32
H(9AA) 6577 2587 3691 30
H(9AB) 6292 2068 2689 30
H(10A) 9213 4280 3349 28
H(10B) 9022 6161 2791 28
H(13A) 8675 8991 5342 29
H(17A) 9073 1346 2135 49
H(17B) 8699 -307 2608 49
H(17C) 9228 1402 3156 49
H(18A) 6959 11100 6003 57
H(18B) 7694 11436 5497 57
H(18C) 7810 9767 6181 57
H(20B) 4547 192 1274 44
H(2BA) 3981 4540 1202 32
H(3BA) 3613 2633 94 32
H(4BA) 2886 -609 314 33
H(5BA) 1544 546 313 30
H(6BA) 1936 4162 207 29
H(7BA) 602 3387 548 28
H(8BA) 1840 6039 2382 32
H(8BB) 1797 7925 1835 32
H(9BA) 3209 6380 2135 32
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H(9BB)
H(10C)
H(10D)
H(13B)
H(17D)
H(17E)
H(17F)
H(18D)
H(18E)
H(18F)
H(1WA)
H(1WB)
H(2WA)
H(2WB)
H(3WA)
H(3WB)

2781
740
794

3096
164
259

-250

5383

4457

4494

7465

6861

1506

1044

5302

5635

6765
3212
1345
-250
7737
6086
5716
-688
-1729
169
1112
1393
7090
7040
1764
3228

1131
2146
1615
4129
1226
1918
929
4793
4407
4945
1290
651
-550
10
231
-249

32
30
30
29
49
49
49
49
49
49
51
51
57
57
65
65
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Table 6. Torsion angles [°] for d20101_a.

C(15A)O(1A)-C(2A)-C(3A) -105.0(5)
C(15A)O(1A)-C(2A)-C(1A) 18.0(5)

C(16A)-C(1A)-C(2A)-O(1A) -18.7(5)
C(9A)-C(1A)-C(2A)-O(1A) 102.2(5)
C(6A)-C(1A)-C(2A)-O(1A) -131.8(5)
C(16A)-C(1A)-C(2A)-C(3A) 101.9(5)
C(9A)-C(1A)-C(2A)-C(3A) -137.2(5)
C(6A)-C(1A)-C(2A)-C(3A) -11.3(6)
O(1A)-C(2A)-C(3A)-O(2A) -41.6(6)
C(1A)-C(2A)-C(3A)-0(2A) -160.4(4)
O(1A)-C(2A)-C(3A)-C(4A) 88.5(5)

C(1A)-C(2A)-C(3A)-C(4A) -30.3(6)
O(2A)-C(3A)-C(4A)-C(5A) 170.2(5)
C(2A)-C(3A)-C(4A)-C(5A) 41.2(7)

C(3A)-C(4A)-C(5A)-C(6A) -4.1(8)

C(4A)-C(5A)-C(6A)-C(7A) -159.1(5)
C(4A)-C(5A)-C(6A)-C(1A) -39.1(6)
C(16A)C(1A)-C(6A)-C(5A) -64.4(5)
C(9A)-C(1A)-C(6A)-C(5A) 173.1(4)
C(2A)-C(1A)-C(6A)-C(5A) 45.4(6)

C(16A)-C(1A)-C(6A)-C(7A) 60.6(5)

C(9A)-C(1A)-C(6A)-C(7A) -61.9(5)
C(2A)-C(1A)-C(6A)-C(7A) 170.4(5)
C(17AFN(1A)-C(7A)-C(6A) 172.4(5)
C(8A)-N(1A)-C(7A)-C(6A) -63.8(5)
C(17A)}N(1A)-C(7A)-C(10A) -59.6(6)
C(8A)-N(1A)-C(7A)-C(10A) 64.3(6)

C(5A)-C(6A)-C(7A)-N(1A) -172.3(4)
C(1A)-C(6A)-C(7A)-N(1A) 65.7(5)

C(5A)-C(6A)-C(7A)-C(10A) 59.4(6)

C(1A)-C(6A)-C(7A)-C(10A) -62.7(6)
C(17A)FN(1A)-C(8A)-C(9A) -177.9(5)
C(7A)-N(1A)-C(8A)-C(9A) 55.9(6)

N(1A)-C(8A)-C(9A)-C(1A) -51.1(6)
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C(16A)C(1A)-C(9A)-C(8A)
C(6A)-C(1A)-C(9A)-C(8A)
C(2A)-C(1A)-C(9A)-C(8A)
N(1A)-C(7A)-C(10A)}-C(11A)
C(6A)-C(7A)-C(10A)C(11A)
C(7A)-C(10A)C(11A)C(16A)
C(7A)-C(10A)C(11A)C(12A)
C(16A)-C(11A)-C(12A)C(13A)
C(10A)-C(11A)-C(12A)-C(13A)
C(16A)-C(11A)-C(12A)Br(1A)
C(10A)-C(11A)-C(12A)Br(1A)
C(11A)-C(12A)-C(13A)-C(14A)
Br(1A)-C(12A)-C(13A)-C(14A)
C(18A)-O(3A)-C(14A)C(13A)
C(18A)-0(3A)-C(14A)C(15A)
C(12A)-C(13A)-C(14A)-O(3A)
C(12A)-C(13A)-C(14A)-C(15A)
C(2A)-O(1A)-C(15A)-C(16A)
C(2A)-O(1A)-C(15A)-C(14A)
O(3A)-C(14A)-C(15A)O(1A)
C(13A)-C(14A)-C(15A)O(1A)
O(3A)-C(14A)-C(15A)-C(16A)
C(13A)-C(14A)-C(15A)-C(16A)
O(1A)-C(15A)-C(16A)C(11A)
C(14A)C(15A)-C(16A)-C(11A)
O(1A)-C(15A)-C(16A)-C(1A)
C(14A)-C(15A)-C(16A)C(1A)
C(12A)-C(11A)-C(16A)-C(15A)
C(10A)-C(11A)-C(16A)-C(15A)
C(12A)-C(11A)-C(16A)C(1A)
C(10A)-C(11A)-C(16A)}C(1A)
C(9A)-C(1A)-C(16A)-C(15A)
C(6A)-C(1A)-C(16A)-C(15A)
C(2A)-C(1A)-C(16A)-C(15A)
C(9A)-C(1A)-C(16A)-C(11A)
C(6A)-C(1A)-C(16A)-C(11A)
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-62.4(6)
55.3(6)

-175.0(4)

-92.6(6)
31.9(7)
-2.5(8)

-173.2(5)

-2.8(8)
168.3(5)
179.1(4)
-9.9(8)
-3.1(9)
175.0(4)
-1.4(8)

-179.4(5)
-174.2(5)

3.8(8)
-9.5(6)
166.0(5)
4.5(8)

-173.7(5)

179.6(5)
1.4(8)
167.9(5)
-7.8(9)
-3.3(7)

-179.0(5)

8.2(8)

-163.5(5)

177.95)
6.3(9)

-106.2(5)

134.4(5)
13.7(6)
83.0(7)
-36.5(7)



C(2A)-C(1A)-C(16A)-C(11A)
C(15B)O(1B)-C(2B)-C(3B)
C(15B)O(1B)-C(2B)-C(1B)
C(16B)C(1B)-C(2B)-O(1B)
C(6B)-C(1B)-C(2B)-O(1B)
C(9B)-C(1B)-C(2B)-O(1B)
C(16B)C(1B)-C(2B)-C(3B)
C(6B)-C(1B)-C(2B)-C(3B)
C(9B)-C(1B)-C(2B)-C(3B)
O(1B)-C(2B)-C(3B)O(2B)
C(1B)-C(2B)-C(3B)-O(2B)
O(1B)-C(2B)-C(3B)-C(4B)
C(1B)-C(2B)-C(3B)-C(4B)
O(2B)-C(3B)-C(4B)-C(5B)
C(2B)-C(3B)-C(4B)-C(5B)
C(3B)-C(4B)C(5B)-C(6B)
C(4B)-C(5B)-C(6B)-C(1B)
C(4B)-C(5B)-C(6B)-C(7B)
C(16B)C(1B)-C(6B)-C(5B)
C(2B)-C(1B)-C(6B)-C(5B)
C(9B)-C(1B)-C(6B)-C(5B)
C(16B)C(1B)-C(6B)-C(7B)
C(2B)-C(1B)-C(6B)-C(7B)
C(9B)-C(1B)-C(6B)-C(7B)
C(8B)-N(1B)-C(7B)-C(6B)
C(17B)N(1B)-C(7B)-C(6B)
C(8B)-N(1B)-C(7B)-C(10B)
C(17B)N(1B)-C(7B)-C(10B)
C(5B)-C(6B)-C(7B)-N(1B)
C(1B)-C(6B)-C(7B)-N(1B)
C(5B)-C(6B)-C(7B)-C(10B)
C(1B)-C(6B)-C(7B)-C(10B)
C(17B)-N(1B)-C(8B)-C(9B)
C(7B)-N(1B)-C(8B)-C(9B)
N(1B)-C(8B)-C(9B)-C(1B)
C(16B)C(1B)-C(9B)-C(8B)
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-157.1(5)
-102.8(5)

20.3(6)
-21.4(6)

-136.3(5)

97.1(5)
99.6(5)
-15.3(7)

-141.95)

-33.9(6)

-152.6(5)

93.7(6)
-25.0(7)
164.2(5)
36.9(8)
-3.2(9)
-38.0(8)

-158.7(5)

-65.1(6)
46.4(7)

173.8(5)
59.9(6)

171.4(5)
-61.2(6)
-62.0(6)
171.1(4)
64.2(7)

-62.6(6)

-173.5(5)

64.3(6)
59.0(7)
-63.2(6)

-177.4(5)

54.9(7)
-49.8(7)
-63.7(6)



C(6B)-C(1B)C(9B)-C(8B)
C(2B)-C(1B)C(9B)-C(8B)
N(1B)-C(7B)-C(10B)C(11B)
C(6B)-C(7B)-C(10B)C(11B)
C(7B)-C(10B)C(11B)C(16B)
C(7B)C(10B)}C(11B)C(12B)
C(16B)C(11B)C(12B)C(13B)
C(10B)C(11B)}C(12B)C(13B)
C(16B)C(11B)C(12B)Br(1B)
C(10B)C(11B)C(12B)Br(1B)
C(11B)C(12B)C(13B)C(14B)
Br(1B)-C(12B)C(13B)-C(14B)
C(18B)}O(3B)-C(14B)C(15B)
C(18B)}O(3B)-C(14B)C(13B)
C(12B)C(13B)C(14B)O(3B)
C(12B)C(13B)C(14B)C(15B)
C(2B)O(1B)-C(15B)C(16B)
C(2B)O(1B)-C(15B)C(14B)
O(3B)-C(14B)C(15B)O(1B)
C(13B)C(14B)C(15B)}O(1B)
O(3B)-C(14B)C(15B)C(16B)
C(13B)C(14B)C(15B)C(16B)
C(12B)C(11B)C(16B)C(15B)
C(10B)}C(11B)C(16B)C(15B)
C(12B)}C(11B)C(16B)C(1B)
C(10B)C(11B)C(16B)C(1B)
O(1B)-C(15B)C(16B)C(11B)
C(14B)C(15B)C(16B)C(11B)
O(1B)-C(15B)C(16B)C(1B)
C(14B)C(15B)C(16B)C(1B)
C(6B)-C(1B)-C(16B)}C(11B)
C(2B)-C(1B)-C(16B)}C(11B)
C(9B)-C(1B)-C(16B)}C(11B)
C(6B)-C(1B)C(16B)C(15B)
C(2B)-C(1B)-C(16B)}C(15B)
C(9B)-C(1B)-C(16B)C(15B)
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54.3(6)

-175.1(5)

-90.8(6)
32.7(7)
-2.3(8)

-174.9(5)

0.4(8)
173.3(6)

-177.4(4)

-4.6(8)
-4.7(9)
173.2(4)
177.3(5)
-3.2(8)

-177.4(5)

2.1(9)

-10.6(6)

165.96)
7.8(9)

-171.7(5)
-176.0(5)

4.5(8)
6.4(8)

-166.9(5)

176.5(5)
3.2(9)
167.5(5)
-9.2(9)
-4.0(7)
179.3(5)
-33.0(8)

-155.4(6)

86.6(7)
138.2(5)
15.8(6)

-102.2(6)



Symmetry transformations used to generate equivalent atoms:
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Table 7. Hydrogen bonds for d20101_a [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
O(2A)-H(20A)...0(1A) 0.84 2.28 2.742(6) 114.6
O(2A)-H(20A)...0(3B)#1  0.84 2.40 3.016(6) 130.4
C(2A)-H(2AA)...O(1B) 1.00 2.52 3.463(7) 156.9
O(2B)H(20B)...02A}#2  0.85 1.97 2.805(6) 167.6
O(1W)H(1WA)...N(1A) 0.84 2.01 2.816(6) 160.4
O(IW)H(1WB)...O(3W) 0.84 1.97 2.770(6) 159.1
O(2W)H(2WA)...O(1W)#3  0.84 2.03 2.862(6) 169.8
O(2W)-H(2WB)...N(1B) 0.84 2.03 2.862(7) 170.2
O(3W)H(3WA)...O(2B) 0.84 1.95 2.785(6) 179.7
O(3BW)H(3WB)...O(2B)#3  0.84 2.06 2.902(7) 179.6

Symmetry transformations used to generate equivalent atoms:

#lxy+lz #2xM,z

#3x+1,y+1/2;z
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D2. Spectra of Compounds from Chapter IlI
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D3. Spectra of Compounds from Chapter IV
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Appendix E.
E1l. Data Report for Pharmacology service

K I
o~ eurofins —
Panlabs

Data Report for Pharmacology Services

Purdue Pharma LP
575 Granite Ct, Pickering, ON L1W 3W8, CAN

Study #: TW04-0000863

Quote #: TW04-0000863- Client Study #:
Qo1
Study Date: Dec 14, 2017 - Dec 21,2017 PO #: 208898

Compound Information

Compounds: UOIT1, UOIT2, UOIT3, UOIT4, UOIT5, UOITE, UOIT7, UOITS, UOIT9, UOIT10

Eurofins Panlabs Discovery Services
Taiwan, Ltd.

158 Li-Teh Road, Peitou

Taipei Taiwan R.O.C. 11259

Tel: + 886-2-2898-7888 « Fax: + 886-2-2894-8267 + e-mail: PanlabsPharmacology@eurofins.com

Cerep and Eurofins Panlabs are two companies of the Eurofins Group https://www.eurofinspanlabs.com

Purdue Pharma L.P
Study #: 1062052-0

Thursday, December 21, 2017
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urofins

Molecular Weight

Cerep
Panlabs

Compound Information

Panlabs # Panlabs Code Alt. Code 1 Alt. Code 2 Alt. Code 3

1214847  PUA-6 UoIT1

1214848  PUA-7 uoIT2

1214849  PUA-8 uoIT3

1214850  PUA-9 UoIT4

1214851  PUA-10 uoIT5

1214852  PUA-11 UoIT6

1214853  PUA-12 uoIT?

1214854  PUA-13 uoIT8

1214855  PUA-14 uoIT9

1214856  PUA-15 UoIT10

Services Performed
Individual Tests (Total # of Assays: 1)

Study Objectives
To evaluate, in Radioligand Binding assays, the activity of test compound(s).

Study Signatures

413.63
537.78
378.27
492.53
616.67
364.24
568.67
352.39
431.29
299.37

P27

Hua-Chou Hsing

Study Director for Binding Assays

"This study was conducted according to the procedures described in this report. All data presented are authentic, accurate

and correct to the best of our knowledge."

Purdue Pharma L.P
Study #: 1062052-0

Thursday, December 21, 2017
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Panlabs

Summary

STUDY OBJECTIVE

To evaluate, in Radioligand Binding assays, the activity of the test compound(s) UOIT1 (PUA-6, PT# 1214847), UOIT2
(PUA-7, PT# 1214848), UOIT3 (PUA-8, PT# 1214849), UOIT4 (PUA-9, PT# 1214850), UOIT5 (PUA-10, PT#
1214851), UOIT6 (PUA-11, PT# 1214852), UOIT7 (PUA-12, PT# 1214853), UOIT8 (PUA-13, PT# 1214854), UOIT9
(PUA-14, PT# 1214855), UOIT10 (PUA-15, PT# 1214856).

METHODS

Methods employed in this study have been adapted from the scientific literature to maximize reliability and
reproducibility. Reference standards were run as an integral part of each assay to ensure the validity of the results
obtained. Assays were performed under conditions described in the accompanying "Methods" section of this report.

Where presented, ICso values were determined by a non- linear, least squares regression analysis using MathiQ™ (ID
Business Solutions Ltd., UK). Where inhibition constants (Ki) are presented, the Ki values were calculated using the
equation of Cheng and Prusoff (Cheng, Y., Prusoff, W.H., Biochem. Pharmacol. 22:3099-3108, 1973) using the
observed ICso of the tested compound, the concentration of radioligand employed in the assay, and the historical values
for the Ko of the ligand (obtained experimentally at Eurofins Panlabs, Inc.). Where presented, the Hill coefficient (nw),
defining the slope of the competitive binding curve, was calculated using MathiQ™ . Hill coefficients significantly
different than 1.0, may suggest that the binding displacement does not follow the laws of mass action with a single
binding site. Where ICso , Ki, and/or nx data are presented without Standard Error of the Mean (SEM), data are insufficient
to be quantitative, and the values presented (Ki, ICso, nH) should be interpreted with caution.

RESULTS

A summary of results meeting the significance criteria is presented in the following sections. Complete results are
presented under the section labeled "Experimental Results". Individual responses, if requested, are presented in the
section labeled "Individual Responses".

SUMMARY/CONCLUSION
Significant results are displayed in the following table(s) in rank order of potency for estimated 1Cso and/or Ki values.

Purdue Pharma L.P
Study #: 1062052-0

Thursday, December 21, 2017
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Summary of Significant Results

Biochemical assay results are presented as the percent inhibition of specific binding or activity throughout the report.
All other results are expressed in terms of that assay's quantitation method.

* For primary assays, only the lowest concentration with a significant response judged by the assays' criteria, is
shown in this summary.

* Where applicable, either the secondary assay results with the lowest dose/concentration meeting the significance
criteria or, if inactive, the highest dose/concentration that did not meet the significance criteria is shown.

* Unless otherwise requested, primary screening in duplicate with quantitative data (e.g., ICso £ SEM, Ki £ SEM and
nw) are shown where applicable for individual requested assays. In screening packages, primary screening in
duplicate with semi-quantitative data (e.g., estimated |Cso, Ki and n+) are shown where applicable (concentration
range of 4 log units); available secondary functional assays are carried out (30 mM) and MEC or MIC determined
only if active in primary assays >50% at 1 log unit below initial test concentration.

Significant responses (= 50% inhibition or stimulation for Biochemical assays) were noted in the primary assays listed
below:

Compound Name Species Conc. % Inh. ICs0* Ki nH

260410 Opiate p (OP3, MOP)

Compound: UOIT1, PT #: 1214847 hum 10uM 58
Compound: UOIT2, PT #: 1214848 hum 10uM 91
Compound: UOIT4, PT #: 1214850 hum 10uM 72
Compound: UOITS6, PT #: 1214852 hum 10uM 98
Compound: UOIT7, PT #: 1214853 hum 10uM 69

* A standard error of the mean is presented where results are based on multiple, independent
determinations. hum=Human

Purdue Pharma L.P
Study #: 1062052-0

Thursday, December 21, 2017
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Cerep
Panlabs

Experimental Results

Cat# Assay Name Batch* Spec. Rep. Conc. % Inh. ICs0* Ki nH
Compound: UOIT1, PT #: 1214847

260410 Opiate p (OP3, MOP) 415135  hum 2 10 UM 58
Compound: UOIT10, PT #: 1214856

260410 Opiate p (OP3, MOP) 415135  hum 2 10 M 23
Compound: UOIT2, PT #: 1214848

260410 Opiate p (OP3, MOP) 415135  hum 2 10 pM 91
Compound: UOIT3, PT #: 1214849

260410 Opiate p (OP3, MOP) 415135  hum 2 10 UM 38
Compound: UOIT4, PT #: 1214850

260410 Opiate p (OP3, MOP) 415135  hum 2 10 uM 72
Compound: UOITS5, PT #: 1214851

260410 Opiate p (OP3, MOP) 415135  hum 2 10 pM 37
Compound: UOIT6, PT #: 1214852

260410 Opiate y (OP3, MOP) 415135 hum 2 10 uM 98
Compound: UOIT7, PT #: 1214853

260410 Opiate p (OP3, MOP) 415135  hum 2 10 uM 69
Compound: UOITS, PT #: 1214854

260410 Opiate p (OP3, MOP) 415135  hum 2 10 M 21
Compound: UOITY, PT #: 1214855

260410 Opiate p (OP3, MOP) 415135 hum 2 10 uM 13

Note: Items meeting criteria for significance (250% stimulation or inhibition) are highlighted.
* Batch: Represents compounds tested concurrently in the same

assay(s). hum=Human

Purdue Pharma L.P
Study #: 1062052-0

Thursday, December 21, 2017
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